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Summary  
Phase separation between biopolymers is a critical parameter determining the physical 
characteristics of food products. Knowledge on the structure-function relationship of 
biopolymer mixtures is important for the development of materials with desirable textural 
properties and stability. Despite the increasing appreciation of biopolymers in imparting 
techno-functionality in a wide range of materials, including foods and nutraceuticals, there 
have been drawbacks in recording directly the water and counterion partition between two 
hydrocolloid phases which determine the structural properties of the aqueous material in 
many food products.  
In an endeavour to understand such processes, this study provided experimental 
evidence and modeled the solvent as well as counterion partition in thermally and high 
pressure treated mixtures of bovine serum albumin (BSA) with gelatin suggesting the 
importance of network characteristics and geometrical organization of the two polymer 
phases in governing water and counterion partition within this binary system. This study 
sought to further advance the understanding of these systems by using differential scanning 
calorimetry, small deformation dynamic oscillation techniques, scanning electron microscopy 
and Fourier transform infrared spectroscopy to characterise the single systems as well as their 
binary mixtures. 
In the first experimental chapter, BSA/gelatin mixtures were subjected to a series of 
thermal treatment, i.e. cooling, isothermal at low temperature, heating, isothermal at high 
temperature and a second cooling step. Such protocols encourage formation of different 
micro phase-separated materials; the first cooling yielded continuous gelatin structure with 
BSA liquid inclusions, heating the systems produced continuous BSA matrix supporting 
liquid gelatin, then the second cooling yielded isotropic two-phase gel. Lewis and Nielsen 
equations were successfully applied on the mixture with a dispersed liquid phase whereas 
isostrain-Isostress blending laws were successfully used for the composite gels with the solid 
filler inclusions. The results argued that the component that forms the continuous phase has a 
higher water affinity than the discontinuous filler. It is postulated that the continuous network 
inhibits diffusion of water molecules to the discontinuous phase. 
In the second experimental chapter, work was advanced to understand the effect of 
counterion in the form of calcium chloride (CaCl2), on the structural properties of 
BSA/gelatin composites. Similar to the previous chapter, a series of cooling, heating and 
subsequent cooling routine were employed to produce phase separated BSA/gelatin blends. A 
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critical issue was the inability to know exactly how much counterion each phase was able to 
attract. To address this issue, the blending laws normally used to predict the composition and 
volumes of the phases in hydrogels in relation to solvent partition were modified and adapted 
for the partition of counterion between the two polymeric phases. Results from this study 
show, for the first time, that the blending laws (Takayangi and Lewis-Nielsen), can 
successfully be used to estimate the counterion partition in these mixtures. In general, it was 
found that the counterion was preferentially held in the biopolymer that formed the 
continuous network  
In the third experimental chapter, high pressure (300MPa for 15min) was applied to this 
system in order to pinpoint alterations in physiochemical properties and solvent partition in 
single preparations of BSA, gelatin and their binary mixtures. It was also documented that 
pressurized mixtures of gelatin and BSA yielded phase separated systems; pressurization at 
low temperature (10°C) allowed gelatin to gel and formed the continuous phase with BSA as 
the liquid inclusions, whereas pressurization at high temperature (80°C), the denatured BSA 
gelled and formed the continuous phase supporting the liquid gelatin phase. The experiments 
also included a comparison of pressurized and unpressurized systems. Application of Lewis-
Nelson equations argued that the solvent partition was always in favour of the polymer which 
formed the continuous phase. These outcomes were contrasted with our earlier findings on 
unpressurized systems and the solvent partition concept (p-factor) proved that unpressurized 
samples exhibited more favourable affinity for water molecules (more than 3 times) 
compared their pressurized counterparts. This was the first attempt that blending laws 
theories were successfully applied on pressurized hydrogels to elucidate the water 
distribution in the biphasic systems. 
The last experimental chapter explored the effect of CaCl2 on the phase behaviour of 
pressurized BSA/gelatin. The same techniques were used to characterize the structural 
properties of the systems. It was also found that pressurization of BSA and gelatin in the 
presence of CaCl2 phase separated, with gelatin forming the continuous network with BSA 
liquid inclusion following pressurization at low temperature, whereas BSA formed the 
continuous phase with gelatin liquid inclusion following pressurization at high temperature. 
Once again, the Lewis-Nielsen equations, hitherto employed only in relation to the water 
avidity of composite gels, were successfully adapted to consider every possible distribution 
of the counterion between the two polymeric phases of the pressurized materials. The 
approach allowed introduction of a new concept called counterion partition factor (pc) as a 
measure of the relative attraction between polymer and counterion in a binary system. In the 
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case of gelatin and BSA, the results argued that the biopolymer that formed the continuous 
phase would always retain dynamically disproportionate amounts of calcium ions on a 
weight-for-weight basis. 
Thus, this study is particularly important in providing information on the phase 
behaviour of mixed systems of gelatin and BSA subjected to heat and high pressure 
treatments. Such information will offer a real benefit to food industries where it can be 
widely used in protein based formulations. Therefore, this research provides information 
which will help in improving manufacturing processes and development of added value 
products. 
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CHAPTER 1 - INTRODUCTION 
 
 
Food gels are commonly used in food industry to impart and enhance the texture, 
consistency, structure and stability of a food product. Food gels can be classified as either 
polysaccharide or protein gels depending of their constructing materials. Proteins are very 
important in human diet; they provide the essential amino acids needed by our body. This 
chapter provides an overview of the two distinct proteins used in our study, including their 
physiochemical and functional properties, the effect of thermal and non-thermal treatment on 
proteins, the effect of salt in protein matrix and the application of theoretical models to 
characterise the phase behaviour of protein mixtures. 
 
1.1 Bovine serum albumin 
 
1.1.1 Composition and structure 
 
Bovine serum albumin (BSA) is a globular protein and a component of whey protein 
with high water solubility and high stability. It comprises around 5% of total whey proteins. 
The protein has 583 amino acid and 17 difulfide bonds and its structure contains nine disufide 
loops. BSA has one thiol group (cysteinyl residue) at position 34 (cys-34) (Carter & Ho, 
1994). Its molecular weight (Mw) is around 66,433 Da with isoelectric point of 4.7 (Farrell et 
al., 2004). Figure 1.1 shows the location of two tryptophan at 134 and 213 residues in BSA 
molecule. Most of tyrosines are located in loops 3 and 6, whereas prolines are situated at the 
end of each large loop. Asparagine and glutamine are abundant alongside the end than the 
middle of the residues (McLachlan & Walker, 1977).  
BSA has oblate (heart-like) shape, composed of three domains (I, II and III) (Figure 1) 
with complex ligand-binding specificities. BSA molecule is not uniformly charged, the 
domain I has the charge of -10, domain II has -8 and finally, domain III has 0 charge at pH 
7.0 (McLachlan & Walker, 1977). Each domain is stabilized by disulfide bonds and a number 
of ionized groups with opposite charges (Murayama & Tomida, 2004). Carter and Ho (1994) 
found that each domain is composed of 2 subdomains; therefore, there are six subdomains 
which combined form a heart shaped molecule.   
Like other globular proteins, the structure of BSA consists of four levels: primary, 
secondary, tertiary and quaternary structures. The primary structure consists of the sequence 
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of amino acids joined together by peptide or amide bonds as shown in Figure 1.2. The end of 
an amino acids sequence with a free amino group is referred as the N-terminal whereas those 
with a free-COOH group is called the C-terminal. 
 
 
Figure 1.1 BSA molecule with 3 domains and tryptophan position (Panigrahi et al., 2015). 
 
Regular spatial organisation of amino acids at specified parts of protein’s polypleptide 
chains produce protein’s secondary structure. The secondary structure consists of β-sheet, 
helices (α-, 310-, and π-helix), reverse turns and random coil. In globular proteins, helices are 
predominant, followed by sheets and then turn (Nolting, 2005). Damodaran (2017) showed 
that the native BSA secondary structure is made of 67% α-helix, 32% random coils and no β-
sheet. The α-helix is formed when consecutive amino acids residues are rotated in either left 
or right direction. Each rotation in α-helix involves 3.6 amino acid residues and the structure 
is stabilised via hydrogen bonds. In the case of β-sheet (parallel and antiparallel), it is a result 
of interaction between two β-strands of the same molecule via hydrogen bonds. There are 
usually about five to fifteen amino acids residues that makes up β-strands. 
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Figure 1.2 Peptide bond for protein (Damodaran, 2017). 
 
Tertiary structure is made of folding of the secondary structure into a compact three-
dimensional form via electrostatic, hydrophobic, hydrogen bonding and van der walls 
interactions between amino acids residues. Through this process, the protein molecules 
reduce the contact between the protein’s hydrophobic residues and the outside environment. 
Quaternary structure is the result of interactions among polypeptide chains through 
noncovalent interactions. These form oligomeric structures known as dimers, trimmers, etc. 
BSA exist mostly as monomer and dimer at neutral pH and ambient temperature (Yonannes 
et al., 2010).  
BSA can bind free fatty acids, flavour components, metabolic products, nutrients, 
flavonoids, and counteracts some endogenous and exogenous toxins (Madureira et al., 2007; 
Papadopoulou et al., 2005; Rawel et al., 2002; Ferrer et al., 2008). When subjected to heat, 
the BSA molecules unfold and aggregate during gelation process and free -SH group are also 
exposed to its outer structure and interact with other proteins or molecules (Wijayanti, Bansal 
& Deeth, 2014). Addition of bovine serum albumin to the food system is advantageous 
because it can improve textural properties and stability of foods as well as their nutritional 
value. 
 
1.1.2 Denaturation and gelation 
 
Protein denaturation can be defined as the change from soluble to insoluble state. Such 
change doesn’t affect its primary structure or amino acids. Agents such as pH, temperature, 
solvents, chemicals, salts and pressure, can induce denaturation in protein. Applying those 
denaturing agents could cause an irreversible loss of the conformation of their secondary 
structure yielding protein aggregation and network formation. This mechanism starts with the 
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unfolding of the protein which exposes the hydrophobic group to water as shown in Figure 
1.3 (Messens, Van Camp & Huyghebaert, 1997). This is then followed by aggregation of 
protein molecules. The detailed process of protein denaturation is illustrated in Figure 1.4. 
Denaturation compromises proteins’ biofunctionality but their polymeric network plays a 
major role in pharmaceutical and food applications due to their techno-functionality (Lopez et 
al., 2008).  
At isoelectric point, proteins are more resistant to denaturation as compared to other pH 
conditions. Most of them also are stable at neutral condition because they are negatively 
charged, and the net charge of the electrostatic repulsive force is small. On the other hand, 
acidic or alkaline conditions alter the net charge yielding a strong intramolecular force of 
electrostatic repulsion. The latter causes the protein molecule to swell and unfold with 
alkaline pH values causing a greater impact as compared to the acidic ones (Damodaran, 
2017).  
 
 
Figure 1.3. Protein denaturation (Kauzman, 1959). 
 
In the case of BSA, the heat-induced denaturation can be summarised as follows: (i) Up 
to 40°C, no denaturation occurs; (ii) between 42 and 50°C, there is changes in the 
conformation of BSA molecule, but the process is reversible; (iii) unfolding of alpha helices 
occurs between 52 and 60°C and this is an irreversible process; (iv) above 60°C, the 
unfolding of BSA continues followed by protein aggregation via β-sheet interactions; and (v) 
above 70°C, the proteins molecules reach an irreversible stage, i.e. gel formation (Murayama 
& Tomida, 2004). According to Yoneyama et al. (2008), protein unfolding exposes the 
hydrophobic groups to a more polar condition leading to an increase in hydrophobic 
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interactions. Early work documented a reduction in the α-helix content and an increase in the 
β-sheet of BSA following denaturation (Clark, Judge, Richards, Stubbs & Suggett, 1981). 
Furthermore, disulphide bonds, hydrogen bonds, electrostatic and hydrophobic interactions 
are involved in BSA protein aggregation. 
Kang and Singh (2003) reported that BSA shows two independent phase transitions 
through DSC thermograms at 61 and 66°C. Yamasaki et al. (1990) suggested that the two 
peaks appeared because of the crevice near the Trp residue at position 212. Giancola et al. 
(1997) argued that the BSA transition at low temperature is related to the disintegration of N-
terminal in one BSA domain whereas that at high temperature corresponds to a collective unit 
made of the remaining BSA domains. 
 
 
Figure 1.4. Protein denaturation mechanism (Chiti & Dobson, 2006). 
 
A gel is defined as an intermediate matter between liquid and solid. Protein gelation is a 
result of the aggregation of denatured proteins which form well-ordered tertiary network. 
Gelation is characterized by cross-linkage of polymers through covalent or non-covalent 
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bonds, which create a network that can hold water as well as other molecules. During 
gelation, some of the protein functional groups such as hydrophobic groups and hydrogen 
bonding are exposed which lead to the formation of network due to intermolecular non-
covalent bonds (Smith & Culbertson, 2000). The structure of proteins is mainly stabilized by 
disulphide bonds from cysteine residues by connecting protein chains together (Oakenfull, 
Pearce, & Burley, 1997). Hydrophobic interactions, electrostatic interactions and hydrogen 
bonds are responsible of network formation (Smith & Culbertson, 2000).  
According to Broersen et al. (2006) an apt balance between protein-water and protein-
protein associations, along with protein concentration, are needed to form a self-supported gel 
network. To be able to form a gel, there is a minimum gelation concentration (C0) needed to 
form strong network for all globular proteins. In the system with protein concentration below 
the C0, a viscous protein solution is observed. By comparison, an extensive protein 
aggregation happens in systems with high levels of protein. 
 
1.2 Gelatin 
 
1.2.1 Composition and structure 
 
Gelatin is derived from the partial hydrolysis of collagen. Collagen can be sourced from 
skin, bones, hides and other animals tissues (Haug, Draget & Smidsrød, 2004), hence the type 
of collagen, age of the animal and the source are the intrinsic factors that affect the properties 
of gelatin (Johnston-Banks, 1990). Gelatin is soluble in water upon heating whereas the 
collagen is insoluble. Depending on the hydrolysis, there are two types of gelatin; the first 
one is type A gelatin, which results from acidic treatment and the second one is type B gelatin 
produced from the alkaline treatment of collagen. This processing affects the electrical nature 
of collagen, yielding gelatin with different isoelectric points (IEPs) as shown in Figure 1.5 
(Tabata & Ikada, 1998). Type A has the isoelectric point of 5 while for type B the IEP is 9.  
Gelatin obtained after hydrolysis of collagen is composed of different polypeptide 
chains with different molecular weights and compositions as shown in Figure 1.6. Gelatin 
contains three dominating portions namely free α-chains (with molecular weight of 90-110 
kDa), β-chains (molecular weight of 180-220 kDa) with two α-chains covalently linked 
together and   γ-chains (molecular weight of 270-300 kDa) made of three α-chains covalently 
linked together. As a result, it is generally understood that the polymer is a polydisperse 
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protein in contrast to globular proteins, e.g. BSA, which are considered as a monodisperse 
protein (Haug & Draget, 2011).  
 
 
Figure 1.5 Acidic and alkaline treatment of collagen to yield type A and B gelatin (Tabata & 
Ikada, 1998). 
 
 
Figure 1.6 Polypeptide chains of gelatin with different molecular weight (Haug & Draget, 
2011). 
 
Amino acids composition of different gelatin types is shown in Table 1.1. In addition, 
there are 27 distinct species of collagen, but type I is the most common one found in 
connective tissue (Gomez-Guillen, Gimenez, Lopez-Caballero & Montero, 2011), and as 
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such its amino acid composition is given in Table 1.1. The content of amino acids in gelatin 
differs from one source to another, but it is known that gelatin contains high amount of 
glycine, hydroxyproline and proline. Amino acids with sulfur side chains are nearly absent in 
gelatin. Among all gelatin types, type A has the closest composition of amino acids to 
collagen, thus, its isoelectric point is similar to its parent, i.e. between 7 and 9.4. However, 
for type A gelatin sourced from bovine hide, its isoelectric point is within the vicinity of 5.7-
7.4, due to specific pre-processing steps. In the case of type B, the alkalinisation makes it 
more acidic, thus, its isoelectric point is between 4.8-5.5 (Poppe, 1992; Haug & Draget, 
2011). Furthermore, gelatin sourced from fish has a higher content of proline and 
hydroxyproline compared to those from mammalian source, such as pig or cattle (Haug & 
Draget, 2011).  
 
Table 1.1 Composition of amino acid in collagen and gelatins (amino acid residues/1000 
residues) (Haug & Draget, 2011) 
Amino acid Type I collagen 
(bovine) 
Type A 
gelatin 
Type B 
gelatin 
Cold water 
fish gelatin 
Warm water 
fish gelatin 
Alanine 114 112 117 112 123 
Arginine 51 49 48 49 47 
Asparagine 16 16 46 48 48 
Aspartic acid 29 29    
Glutamine 48 48 72 72 69 
Glutamic acid 25 25    
Glycine 332 330 335 347 347 
Histidine 4 4 4 11 6 
4-Hydroxyproline 104 91 93 60 79 
Hydroxylysine 5 6 4 5 8 
Isoleucine 11 10 11 11 8 
Leucine 24 24 24 21 23 
Lysine 28 27 28 28 25 
Methionine 6 4 4 3 9 
Phenylalanine 13 14 14 13 13 
Proline 115 132 124 96 119 
Serine 35 35 33 63 35 
Threonine 17 18 18 24 24 
Tyrosine 4 3 1 9 2 
Valine 22 26 22 18 15 
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The structure of gelatin is known to resemble its parent, especially the type I. 
Collagen’s primary structure is the product of multiple repetitions of Gly-X-Y sequence, 
where Gly is glycine, X is mostly proline, and Y is often hydroxyproline as shown in Figure 
1.7. The amino acids are bound together via peptide bonds and they glycine makes up a third 
of the amino acid sequence. The molecule of collagen consists of three α-chains presented in 
left-handed axis (polyproline II-type helix) which are coiled into a right-handed superhelix, 
giving a triple-helix structure (Gorgieva & Kokol, 2011). The left-handed helix has a pitch of 
0.9 nm whereas that of right-handed helix is longer (~8.6 nm). The triple helix structure is 
stabilized by inter- and intra-chain hydrogen bonding (Gilsenan & Ross-Murphy, 2000). 
Proline plays a major role in the formation of the polyproline II helix, and that governs the 
form of the tropocollagen trimer (Ross-Murphy, 1997).  
The coiled-coil triple helix structure composes of 3.33 amino acid residues per turn 
with each helix is subjected to a +36° twist and a ~8.7Å translation about the main axis that 
relates all α-chains. The adjacent chains are connected by a -108° rotation and a ~2.9Å 
translation (Bhattacharjee & Bansal, 2005). 
The rod-shape collagen molecule (or tropocollagen) is around 300 nm long and flanked 
by short N- or C-terminal regions. Such regions are called telopeptides and they are made up 
of around 15 to 26 amino acid residues.  They are not involved in triple helix because they 
are mainly composed of lysine and hydroxylysine (Hyl) residues along with their aldehyde 
derivatives (Gomez-Guillen et al., 2011). 
 
 
Figure 1.7 Chemical configuration of gelatin (Poppe, 1992). 
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1.2.2 Gelation 
 
Gelatin gelation is the result of physical cross-linking and this mechanism is 
thermoreversible. It involves physical bonds (such as hydrogen bonding and electrostatic 
interaction) rather than covalent ones. At a temperature above 40°C, gelatin is in a solution 
state and its molecules assume random coil arrangement. These coils compose of entangled 
single polypeptide chains (α-chains). Upon cooling below 30°C, these coils transformed into 
helices followed by aggregation of helices (Tanaka, 2003). This then yield the network 
junctions creating a transparent three-dimensional gelatin gel (Burrey et al., 2009). The 
mechanisms of gelation process as affected by temperature is illustrated in Figure 1.8. As 
temperature decreases, partial helices with length ξ is created. With further cooling, the 
helices aggregate into junctions (Zhou, Heider & Markert, 2017).  
 
 
Figure 1.8 Mechanism of gelation (Zhou et al., 2017). 
 
Gelation mechanisms of gelatin can be described in two stages, i.e. setting and ageing. 
The former deals with the network formation by combining together irregular regions on the 
triple helices whereas the latter focuses on the development of the gel strength (Figure 1.9). 
The ageing process takes a long time and appears can go on indefinitely.  Nevertheless, at a 
fixed temperature, the rate of gelation decreases with time (Burrey et al., 2009). The 
concentration of gelatin has been reported to affect gelation with the triple helix may be 
formed from a single polypeptide chain at low polymer concentrations and this does not 
contribute to the gel network. In the case of higher protein levels, the triple helix may be 
derived from two or more distinct chains leading to junction zones formation (Djabourov, 
1988). 
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Figure 1.9 Gelatin sol-gel transition (Burrey et al., 2009) 
  
The gelation temperature of gelatin varies depending its source. Mammalian gelatin 
possesses a higher gelation temperature, 26-27°C, whereas those of cold and warm water fish 
are lower, ranges from 4 to 8°C and from 21 to 22°C respectively. In a similar vein, the 
melting temperatures of gelatin for mammalian, cold and warm water fish are ~36, ~15, and 
~28°C, respectively (Haug & Draget, 2011). It is generally understood that the physical 
properties, including thermal stability, of this protein relies on its pyrrolidine content (proline 
+ hydroxproline). For example, a low melting point and weaker gel strength of fish based 
gelatin compared to bovine counterpart is attributed to a lower proportion of pyrrolidine 
(Johnston-Banks, 1990; Haug, Draget & Smidsrød, 2004). 
There are many factors affecting the protein gelation including polymer concentration, 
pH, and presence of cosolutes. Inclusion of glucose syrup as co-solute has been shown to 
increase the thermal stability of the gelatin gel but its network appears to remain intact 
(Sharma et al, 2011). Pang et al. (2014) reported that increasing the level of gelatin raises its 
gelling and melting temperatures and yields a more rigid gel. The mechanical strength of the 
gels was found to be unaffected by pH about 4.6 to 8 but at pH 3 the gelation was 
significantly hindered. Gelatin gel strength is characterized by bloom strength which is a 
single measurement of force needed to press a plunger into the surface of 6.67% gelatin gel at 
10°C that is matured for 17 h with a higher force indicates a higher gel strength (Osorio, 
Bilbao, Bustos & Alvarez, 2007). In general, typical bloom strength for commercial gelatins 
is in the range of 50 to 300 blooms.   
Gelatin gels are thermoreversible and they are known to melt below human body 
temperature, giving its unique ‘melt-in-mouth’ properties. Gelatin has hydrophilic and 
hydrophobic properties which enable him to bind other polymers easily (Hattrem et al., 
2015). Due to above properties, gelatin is widely used in many food and drink products as 
either ingredient or binding/stabiliser agent as displayed in Table 1.2.  
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Table 1.2. Application of gelatin (Schrieber & Gareis, 2007) 
Application Gelatin 
type 
Concentration  Principal 
function  
Secondary function  
Dessert 200-260 
Bloom 
1.5-3.0% Gel formation Texture, transparency, 
brilliance 
Fruit gummies 200-280 
Bloom 
6.0-10.0%  Gel formation Texture, elasticity, 
transparency, brilliance 
Marshmallows 160-260 
Bloom 
1.0-3.0%  Foam 
formation 
Foam stabilizer, gel 
formation 
Nougat 180-220 
Bloom 
1.5-3.0% Foam 
formation 
Foam stabilizer, gel 
formation 
Pastilles 160-220 
Bloom 
1.0-2.0% Binding agent Texture, improvement of 
melting properties in the 
mouth, prevents 
disintegration 
Caramels 140-200 
bloom 
0.5-2.5% Emulsifier, 
foam 
stabilizer 
Chewability  
Yoghurt 220-260 
Bloom 
0.2-1.0% Syneresis 
stabilizer 
Texture, creaminess 
Foamed milk 
dessert 
180-240 
Bloom 
0.3-3.0% Foam 
formation 
Texture, stabilization 
Jelled milk dessert 180-240 
Bloom 
1.0-2.0% Gel formation Texture, creaminess 
Sandwich spread 
(without meat) 
240-280 
Bloom 
0.3-1.5% Emulsion 
stabilizer 
Texture, creaminess 
Meat and 
sausages 
220-260 
Bloom 
0.5-2.0% Emulsion 
stabilizer 
Water binder 
Broths and canned 
meats 
220-260 
Bloom 
0.5-2.0% Binding agent Texture, sliceability 
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1.3 Biopolymer mixtures 
 
Mixed biopolymer gels have a wide use in food industries especially in food 
formulations. The uses of mixed biopolymers in food industries have different purposes such 
as reducing the level of additives present in food, developing low fat structured products, and 
enhancing the structure and stability of food dispersions (Kasapis, 2008). The network 
formed by mixed biopolymers involve cross-linking or association of the biopolymers to 
produce a three-dimensional network that entrap and freeze water within it to produce a rigid 
structure that resist to flow, which is viscoelastic characterized by both liquid and solid 
properties (Saha & Bhattacharya, 2010). The commonly used biopolymers are 
polysaccharides and proteins. When more than two biopolymers are mixed together, two 
possible interactions can occur; namely associative and segregative interactions (Morris, 
2009).  
Associative interactions are characterized by creation of regular heterotypic junctions 
similar to the homotypic counterpart in polysaccharide gels made from single type of the 
polymer. This is also known as synergistic gels. Its mechanism involves electrostatic 
interaction between polyanions and polycations. Examples of the former and the latter 
include polysaccharides with a negative net charge and proteins with pH below their 
isoelectric point, respectively (Gilsenan et al., 2003; Ye, 2008). Such association typically 
produce a complex coarcervate but in some occasions a gel with a coupled network might be 
formed. Examples of this type of interaction is limited, e.g. gels made from gelatin and low 
methoxy pectin.  
On the other hand, segregative interactions have been documented in a wide range of 
biopolymer mixtures. They occur when the heterotypic interactions are enthalpically less 
favourable than those of homotypic. This will promote regions where each region contains 
molecules of a same type. Such phenomenon is also known as phase separation. In solutions 
of biopolymers, a turbid system developed immediately after mixing typically indicates phase 
separation (Morris, 1992). This is because of formation of water-in-water emulsion where 
one phase forms the continuous phase and the other one spreads throughout it as small liquid 
droplets (Kasapis, 2008). The turbidity is commonly followed by formation of two clear 
layers owing to the disparity in density between the two phases.  
Phase separation in biopolymer gels produce a biphasic co-gel composes of one 
continuous phase and one dispersed phase. This type of gel can be a result of the water-in-
water emulsion trapped by network formed by the gelling biopolymers. Another possible 
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scenario that yield phase-separated co-gel involve gelation of both components where the 
first component to gel forms the continuous phase and the subsequent-gelled component is 
dispersed within the continuous network (Morris, 2009).  
Various networks can be formed when two or more biopolymers are mixed together 
(Figure 1.10). The first one is interpenetrating networks that happens when both components 
gel separately and interpenetrating each other by creating two independent network 
structures. Their interaction is only topologic (Morris, 2009). The second one is coupled 
networks which are characterized by the formation of single network by the two different 
biopolymers. This can create three different types of intermolecular linkages, namely co-
operative junctions, covalent linkages and ionic interactions. The last one is phase-separated 
networks, which are commonly found in biopolymer mixtures (Kasapis, 1995; Morris 
&Wilde, 1997). 
 
 
Figure 1.10 Three possible network structures for mixed gels: a) interpenetrating b) coupled 
separated c) phase separated (Richardson & Kasapis, 1998). 
 
Numerous studies have been carried out on biopolymer mixtures containing gelatin. 
Phase separation in mixtures of gelatin and maltodextrin was examined by Kasapis et al. 
(1993a). The authors found that the separation occurred at 45°C, which is above the gelation 
temperature of either polymer. Binary mixtures of gelatin and agarose also phase-separated 
with the latter acts as the faster gelling component (Shrinivas, Kasapis & Tongdang, 2009). 
In the work, the systems displayed two continuous phases yielding bicontinuous gels. 
Further, bicontinuous systems of agarose and gelatin were recorded in tertiary systems 
containing various levels of polydextrose as co-colute. High solids environment prevented 
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stable agarose network formation while the protein was able to preserve its conformational 
stability (Almrhag et al., 2013).  In contrast, Jin et al. (2015) observed a unique phase 
behaviour in composites containing gelatin and konjac glucomannan where there is an 
interplay between gelation and phase separation. At a compatible stage, both polymers are 
randomly distributed in the aqueous solutions. Low temperature treatment induces formation 
of gelatin network with the polysaccharide embedded within the network spaces and such 
event weakens the overall gel strength. However, at a stage when phase separation occurs 
prior to cooling, the protein gelation might be increased, and the protein was reduced into one 
rich phase.  
Detailed accounts regarding composites containing whey proteins, including BSA, have 
been recorded. Segregative interactions between agarose and whey protein were documented 
in the systems conditioned at a wide range of pH values, i.e. from 4 to 8 (Katopo et al. 2012). 
Depending on the sequence of the thermal treatment, the systems could produce a range of 
phase behaviour from continuous polysaccharide matrices with liquid protein inclusions to 
soft continuous protein matrices embedded with hard agarose particles. Whey proteins have 
also been reported to display an incompatibility with wheat starch with the protein forming a 
continuous phase and the starch being the filler (Yang et al., 2013). Kinetically trapped phase 
separation was recorded in heat-induced mixed gels of BSA and low methoxy pectin. Such 
process alters the protein aggregation, thus, weakens the mechanical strength of the mixed 
gels compared to that of BSA (Donato et al., 2005). 
On a different vein, few studies demonstrated a different type of interaction to that 
discussed in the preceding paragraph. Laos et al. (2007) showed complexation between BSA 
and algal polysaccharide furcellaran that begins at the isoelectric point of the protein. The 
attractive interaction increases as the protein becomes more positively charged. Several 
researchers also noted complexations of BSA with other polysaccharides, e.g. carrageenan, 
sugar beet pectin and gum arabic (Chai et al., 2014; Li et al., 2012; Vinayahan et al., 2010).  
 
1.4  Polymer Blending laws 
 
The theories from synthetic polymer have been successfully used in biopolymers 
mixtures to rationalize the water (solvent) partition between the phase separated systems. 
Davies (1971) developed an equation for phase separated bicontinuous gels in which the 
composite modulus (Gc) is related to the individual phases moduli (Gx and Gy):  
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 (Gc)1/5 =φx (Gx)1/5 + φy (Gy)1/5    (1.1) 
 
where φx and φy are the phase volume (volume fraction) of the individual phase x and y, 
respectively (φy + φy = 1). Successful use of this equation for rationalizing the solvent 
partition between two phases has been documented, e.g. in agarose and gelatin mixtures 
(Shrinivas, Kasapis & Tongdang, 2009). 
Takayanagi, Harima & Iwata (1963) developed series of equations to correlate the 
composite mechanical strength with that of the components moduli. This was done by 
arranging two polymers (polyvinylchloride and rubber) either in series or parallel with 
respect to the direction of deformation. When the deformation of the soft/weaker component 
is limited by the rigidity of the stronger component, i.e. they are deformed to the same extent, 
and that is known as the isostrain condition (Equation 1.2). 
 
Gc = φx Gx+ φy Gy   (Isostrain)  (1.2) 
 
In the series scenario, the continuous phase is weaker than the discontinuous phase, thus, the 
weaker material limits the force passed to the stronger component, i.e. they are exposed to the 
same stress. and this is known as isostress condition (Equation 1.3). 
 
 1/Gc = φx /Gx+ φy /Gy  (Isostress)  (1.3) 
 
Equations 1.1 to 1.3 can be generalised into the following form: 
 
(Gc)n = φx (Gx)n + φy (Gy)n    (1.4) 
 
where for isostrain n equals to 1, for isostress n equals to -1, and for bicontinuous n is equals 
to 0.2. 
To further allow meaningful comparison of the solvent distribution in the systems, 
Clark introduced the p factor “solvent avidity”, which is the ratio of water to polymer in one 
phase divided by the corresponding ratio in the other phase (Clark, 1987). 
 
 P = (wx/x)/ (wy /y)     (1.5)      
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As the weights (X and Y) of both biopolymers in the mixture and the solvent (w= wx + wy) 
are known, the equation (1.5) can used to determine the phase volumes and the resulting 
effective concentrations of every biopolymer within its own phase (Kasapis, 2009). 
Morris, (1992) suggested that isostrain and isostress blending laws can be used to 
calculate the upper bound (GU) and low bound (GL) moduli of the composite gels with one 
phase spread into the other one as follows: 
 
GU = φx Gx+ φy Gy  (Upper bound) (1.6) 
 
1/GL = (φx /Gx)+(φy /Gy) (Lower bound) (1.7) 
 
Equations 1.6 and 1.7 assumed that (i) the two phases in a composite gel are separated 
and each polymer is confined to its phase; (ii) the volume takes up by polymer chains is 
insignificant; and (iii) the square of polymer concentration correspond to the modulus of both 
components (Kasapis et al., 1993b). Application of this analysis is given in Figure 1.11. It is 
observed that with increasing solvent fraction in the X-phase, from 0 to 1, the predicted Gx 
values decrease whereas that of Gy shows an opposite trend. When Gx intersect with Gy (Gx = 
Gy), the moduli of both components are equal (Morris, 1992). The GU(X), upper bound of X-
continuous, starts from top left of the sketch whereas the GL(Y), lower bound of Y-
continuous, starts from bottom left and they intersect at the same critical point. Over this 
point, the phase behaviour of two phases changes with the lower bound belongs to X-
continuous and the Y-continuous phase makes up the upper bound (Kasapis et al., 1993b). 
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Figure 1.11 Variation of calculated moduli as function of x, the proportion of solvent in 
phase X, illustrated for n = 2(My=4Mx). The dashed lines indicate the calculated values of 
isostrain and isostress (GU and GL) respectively. The solid lines are the moduli of the 
individual phases Gx and Gy. The continuous phases are shown in parentheses (Morris, 1992) 
 
Relationship between solvent partition and phase volume in the constituents of mixed 
gels can be described in the following framework (Kasapis et al., 1993b): 
 
€ 
wX = SX w      (1.8) 
€ 
wY = 1− SX( )w     (1.9) 
with w refers to the total weight of water in the mixture, wX and wY are the weight of water in 
X and Y phases respectively, and the water fraction in X-phase is denoted by SX.  
The values calculated from equations 1.8 and 1.9 are used subsequently to obtain the 
total weight in each phase (twX and twY) as shown in equations 1.10 and 1.11. x and y are the 
weight of component X and Y respectively. 
 
   
€ 
twX = x + wX     (1.10) 
   
€ 
twY = y + wY     (1.11) 
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Based on the above equations, calculations of the effective concentration of the two polymers 
in their respective phases, i.e. CX and CY, are carried out as follows: 
 
   cX = 100x / twX     (1.12) 
   
cY =100y / twY     (1.13) 
 
Phase volumes of each phase (φx and φy) are determined from the total weights of 
phases in the mixture as shown in equations 1.14 and 1.15. 
 
φx = twX / (twX + twY)    (1.14) 
φy = 1 - φx     (1.15) 
 
Biphasic systems typically constitute of continuous and dispersed components but in 
some cases the dispersed phase can become the continuous phase, or both components can 
act as continuous phases. Workers in this field developed a series of equations to cover such 
variation in biphasic gels’ morphologies (Lewis and Nielsen, 1974a) and they are given in 
equations 1.16-1.19. 
 
G′ /G′1 = (1+ ABφ2)/ (1− Bψφ2)   (1.16) 
B = [(G'2/G'1)-1]/ [(G'2/G'1) +A]   (1.17) 
A = k −1      (1.18) 
          ψ = 1 +  [(1 - φm) / φm2 ]φ2    (1.19) 
 
In the above equations, G'1 is the modulus of the continuous phase, G'2 is the modulus of the 
dispersed phase, G' is the composite modulus, φ2 is the phase volume of the dispersed phase 
and morphology of the system is determined by the constant A, also known as Einstein 
coefficient. φm correponds to the filler’s maximum packing fraction and the φm values for 
different filler’s shape and packing arrangement are listed in Table 1.3. Furthermore, values 
of the Einsten coefficient for different shapes of filler are detailed in Table 1.4. The equations 
1.16 to 1.19 is suitable for systems the dispersed phase is more rigid than the continuous 
phase. 
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In the case of the inverted systems with a more rigid continous phase, the following 
applies: 
 
  G'1 / G' = (1 + AiBiφ2) / (1 - Biψφ2)    (1.20) 
 Bi = [(G'1 / G'2) - 1] / [(G'1 / G'2) + Ai]              (1.21) 
   Ai= 1/A                                                 (1.22) 
where the composite, continuous phase and filler moduli are referred as G', G'1, and G'2. φ2 is 
the filler’s phase volume and Ai is the Einstein coefficient. 
 
Table 1.3 Values of maximum packing fractions (φm) values (Nielsen, 1974b) 
Particles Type of packing φm 
Spheres Hexagonal close packing  0.7405 
Spheres Face centered cubic 0.7405 
Spheres Body centered cubic 0.60 
Spheres Simples cubic 0.5236 
Spheres Random close packing 0.637 
Spheres Random loose packing 0.601 
Fibers Parallel hexagonal packing 0.907 
Fibers Parallel cubic packing 0.785 
Fibers Parallel random packing 0.82 
Fibers Random orientation 0.52 
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Table 1.4 Einstein coefficients for composite (Nielsen, 1974b) 
Filler phase Modulus Einstein coefficient, k 
Spheres G 1 + (7 − 5υ1)/(8 − 10υ1) 
Large aggregates of spheres G 2.50/ϕa  
Aggregates of two spheres G 2.58 
Rods-axial ratio 4 G 3.08 
Rods-axial ratio 6 G 3.84 
Rods-axial ratio 8 G 4.80 
Rods-axial ratio 10 G 5.93 
Rods-axial ratio 15 G 9.4 
Uniaxial fiber-filled EL 1 + 2 L/D 
Uniaxial fiber-filled ET 1.5 
Uniaxial fiber-filled GLT 2.0 
Uniaxial fiber-filled GT 1.5 
Ribbon-filled (w/t) →∞ EL ∞ 
Ribbon-filled ET 1 + 2w/t 
Ribbon-filled ETT 1.0 
Ribbon-filled GLT 1 + (w/t) (13) 
Ribbon-filled (w/t) →∞ GLT’ 1.0 
Ribbon-filled (w/t) →∞ GTT 1.0 
M = M1 ϕ1 + M2 ϕ2 M ∞ 
1/M = (ϕ1/ M1) + (ϕ2/ M2) M 1.0 
 
 
 
 
 
Note:  υ1  Poissons ratio of matrix (for elastomer phase υ1=0.5 and for the 
    rigid phase υ1=0.35) 
 ϕa  Packing fraction of spheres in aggregate 
 L  Length of rod 
 D  Diameter of rod 
 w  Width of rod 
 t   Thickness of ribbon 
 T  Transverse to fibers or ribbons 
 Subscript L Longitudinal direction 
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1.5 Effect of thermal processing on food proteins 
 
Heat treatment is the most important technique used in food processing due to its ability 
to preserve foods by destructing microorganisms, enzymes, parasites and insects. Some of its 
advantages are: production of shelf-stable foods, improvement of nutrients availability and 
destruction of anti-nutritional factors. However, application of heat can also destroy or alter 
the food components such as vitamins, starch, lipids and proteins.  
Upon heating, globular proteins, including BSA, undergo two steps; the first one is 
unfolding/dissociation of the molecules and the second one is association/aggregation which 
leads to the formation of gel system. These steps differ from protein to protein depending on 
their chemical composition. Heat denaturation causes irreversible changes in the structure of 
globular proteins (Green, Hopkinson & Jones, 1999). Renkema and Van Vliet (2002) argued 
that continuous restoration of the equilibrium of denatured and native protein occurs 
following aggregation of the former, until it reaches a state where all proteins in the system 
become denatured. The aggregation rate of globular proteins depends on the protein 
concentration and temperature as well as the number of intermolecular cross-links created 
during the heat-induced gel (Gimel, Durand & Nicolai, 1994). 
It is generally understood that the degree of globular protein denaturation relies on 
heating time and temperature combination. The degree of denaturation is positively related to 
heating temperature at a constant heating time. These thermal parameters also affect the 
structure and size of protein aggregates (Zuniga et al., 2010). Wolz, Mersch and Kulozik 
(2016) also showed that at a constant heating temperature (80°C), the size of aggregates 
becomes larger with longer heating time. A study reported that high heating temperature 
(72°C) coupled with short heating time (15 s) had little impact on the denaturation of native 
proteins in raw milk (Bogahawaththaa, Buckow, Chandrapalaa &Vasiljevic, 2018). In 
contrast, whey proteins in milk heated at a very high temperature, e.g. 135-140°C, and at a 
much shorter time (2 s) was documented suffering considerable loss in their ordered structure 
(α-helix and β-sheet), which indicate denaturation process (Qi, Ren, Xiao & Tomasula, 
2015). 
Many studies conclude that thermal treatment influences the conformation of globular 
protein, including its secondary structure. For instance, Ngarize and colleagues (2004) 
observed an increase in the β-sheet content of whey proteins, accompanied by a reduction in 
α-helix, following heating at 90°C for 30 min. In addition, the extent of the decrease or 
increase in the protein secondary structure depends on the heating temperature (Zhang et al., 
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2018a). Besides altering the various elements of protein secondary structure, heating has been 
noted to affect the side chain groups. Murayama and Tomida (2004) recorded a significant 
frequency shift in the vibration of tyrosine in BSA at temperatures 57 and 75°C. They 
suggest that the hydrogen bonds of tyrosine residues, located inside the protein, may be 
loosened or destroyed upon heating. 
Application of heat also plays a role in the functionality of globular proteins. Heat-
induced whey protein aggregation increases the surface tension of proteins which indicates 
that the heat-treated proteins have reduced mobility and weaker thermodynamic affinity 
towards air interfaces (Nicorescu et al., 2008). This adverse effect of thermal processing on 
the emulsion stability of whey protein systems may originate from protein-protein 
interactions yielding droplet flocculation (Raikos, 2010). 
 
1.6 Effect of high pressure processing on food proteins 
 
1.6.1 High pressure processing 
 
Studies have shown that thermal processing poses considerable impact on the 
nutritional and organoleptic properties of food. Therefore, there is a growing interest in the 
application of non-thermal technologies in foods, namely high pressure processing (HPP), 
pulsed electric field (PEF), ionising radiation, cold plasma, and pulsed UV light (Zhang et al., 
2018b). Early use of HPP for preserving commercial foods, e.g. yoghurt and strawberry jams, 
began in Japan in 1980s. Nowadays, the technique is widely used in food industries around 
the world including Japan, Europe and United States as shown in Table 1.5.   
HPP is a non-thermal technique which allows food to be pressurised between 100 and 
800 MPa (Knoerzer, Buckow, Sanguansri, & Versteeg, 2010) for a certain period, from 
millisecond to several minutes. In this technique, the pressure is transmitted to food via 
water. The temperature used during pressurization can vary from 0 to 100°C (Van Loey et 
al., 1998).  The temperature within the foods also rise during HPP, and this is due to adiabatic 
heating of water and other food ingredients. Adiabatic heat of compression or “heat 
compression” is the instant volumetric temperature change in components during 
compression. The increase in temperature for water and low solid foods at 25°C is 2 to 3°C 
per 100 MPa, whereas for fat-containing foods the rate is higher, 8 to 9°C per 100 MPa 
(Barbosa-Cánovas & Juliano, 2008). Following compression, decompression process occurs 
in which the temperature of the foods decreases to the initial value. 
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Table 1.5 Application of HPP in food industries (Fellows, 2017) 
Location/product Processing 
conditions 
Japan  
Fruit-based products (jams, 
sauces, purees, yoghurts) 
400 MPa, 10-30 min, 20°C 
Grape fruit juice 200 MPa, 10-15 min, 5°C 
Sugared fruits for ice 
cream/sorbets 
50-200 MPa 
Raw pork, ham 250 MPa, 3h, 20°C 
Fish sausages, terrines and 
‘pudding’ 
400 MPa 
Rice wine - 
Rice cake, hypoallergenic 
precooked rice 
400-600 MPa, 10 min, 45 or 
70°C 
Europe  
Fruit juices 400 MPa, room temperature 
Sliced processed ham 400 MPa, few min, room 
temperature 
Squeezed orange juice 500 MPa, room temperature 
United States  
Avocado paste (guacamole, 
salsa) 
700 MPa, 10-15 min, 20°C 
Ready-to-eat meats, (pastrami, 
Cajun beef) 
600 MPa, 3min, 20°C 
Raw oysters 300-400 MPa, 10 min, room 
temperature 
 
 
HPP is governed by several principles, i.e. isostatic, Le Chatelier, microscopic ordering 
and transition state theory. The isostatic principle dictates that the effect of pressure applied 
to a food is homogenously distributed within the food, regardless of size and shape. The 
volume of pressured material is reduced but its shape remains unaltered. However, air and 
water are compressed in distinct manner, hence, the shape and structure of foods with air 
pocket may be altered during pressurisation. Influence of pressure, and temperature, on 
chemical, biological and physical events of a food system is frequently explained using Le 
Chatelier’s principle. It describes that if pressure in a system changes, its equilibrium will 
move in the direction that corresponds to a decrease in volume.  Microscopic ordering 
explains that an increase in the molecular order of molecules with increasing pressure is due 
to restriction that the pressure imposed on translational, rotational and vibrational motion. 
The final principle, i.e. transit state theory, states that there are two components that are 
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favoured by the effect of pressure, i.e. reactions with negative reaction volumes and reaction 
pathways with negative activation volumes (Martínez-Monteagudo & Balasubramaniam, 
2016). 
HPP can be employed to treat liquid and solid foods in semi-continuous or batch 
modes. A typical HPP equipment includes the following components: a pressure vessel with 
two end closures, a pressure pump and intensifier, a handling system for product, a pressure-
transmitting fluid, and a control system (Ting, 2011). The capacity of HPP equipment ranges 
from 10 to 500 L (Yuste et al., 2001).  Majority of HPP equipment is fitted with a 
temperature control device, therefore it can control temperature of foods during pressurisation 
to prevent changes in foods’ properties.  High pressure low-temperature (HP-LT) method can 
process food at low temperature, or even sub-zero, and produce more extensive 
microorganism’s inactivation than that at ambient condition. Another advantage of such 
approach is the upkeep of most of the product’s original organoleptic and physico-chemical 
properties (Dumay et al., 2006). By comparison, in high pressure-high temperature (HP-HT) 
method, the in-process temperature can reach 90 to 121°C. Such approach is suitable for low 
acid foods since it can speed up the spore inactivation (Fellows, 2017). 
Unlike thermal process, nutritional and sensory qualities of food products can be 
maintained with HPP (Huang, Wu, Lu, Shyu & Wang, 2017). Furthermore, HPP is capable of 
transmitting uniformly the pressure to the products, at a given time and position, 
independently of the products geometry or size (Oey, Van der Plancken, Van Loey, & 
Hendrickx, 2008). However, some of HPP’s limitations include its inability to process foods 
that have entrapped air, for instance strawberries or dry foods, and its high capital costs 
(Fellows, 2017). 
Use of this process to extend the shelf-life of food products by inactivating most 
pathogenic and spoilage microorganisms, e.g. moulds, B. cereus, E. coli, S. aureus and yeast 
has been reported. HPP treatment destroys the organisms’ cell walls and membranes leading 
to changes in permeability and disruption in functionality. In addition, HPP can inactivate 
enzymes. The pressure, temperature used and holding time govern the inactivation’s 
effectiveness along with the microorganism resistance and matric of food treated with HPP 
(Zhang et al., 2018b).  
A study done by Smith, Mendonca & Jung (2009) on the effect of pressure microbial 
quality of soymilk showed that application of 600 MPa for 1 min at 75°C decreased the initial 
microbial populations and extended the protein stability in soymilk and its shelf life by two 
weeks. Cao and co-workers (2011) investigated the effect of HHP on enzymes, color and 
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other phenolic compounds on strawberries. After pressurization, the enzymes were partly 
inactivated, and the strawberries were able to retain the phenolic compounds, color and 
anthocyanine peroxidase and polyphenol oxidase was inactivated. Although HPP is most 
commonly used to extend the shelf life of the products by inactivating microorganisms and 
enzymes, it is now understood that it can also induce starch gelatinization, denature proteins, 
and induce interactions among food ingredients (Knorr, Heinz, & Buckow, 2006). 
 
1.6.2 Pressure-induced changes in food proteins  
 
The influenced of high pressure on the functional and structural properties of gelatin is 
governed by several factors such as gelatin origin and type, concentration, pH, solvent quality 
and initial state. According to Montero, Fernandez-Diaz and Gomez-Guillen (2002), the 
mechanism of gelation of pressurized and unpressurized samples are different in terms of 
bonds that stabilize and destabilize the three-dimensional structure of gelatin gels. 
Hydrophobic interactions stabilize thermally induced gels while pressure induced gels are 
stabilized partially by hydrogen bonding. Kulisiewicz and Delgado (2009) compared the 
mechanical properties of non-pressurized gelatin gels with the pressurized gels. They found 
that the pressurized gels exhibit higher values of storage modulus compared to their 
counterparts cured at ambient temperature. It is postulated that the pressure increased the 
number of triple helix junction zones per molecular chain. In addition, they reported that if a 
high pressure is used (above 200 MPa), the average length of the triple junction zones 
decreases at the beginning of gelation, hence affecting the gels strength (Kulisiewicz, Baars, 
& Delgado, 2007). 
In globular proteins, HPP has been documented to exert changes in the protein 
denaturation and the non-covalent bonds involved in the gel formation. Pressurization of egg 
protein at 550 MPa for 10 min resulted in protein denaturation of ovalbumin and structure 
disintegration. The latter is attributed to the breakup of hydrophobic interactions and protein 
aggregation and dissolution of hydrogen bonds (Singh & Ramaswamy, 2014). Hayashi, 
Kawamura, Nakasa and Okinaka (1989) showed that the pressure- induced gels are softer and 
more elastic compared to the heat-induced counterpart. Furthermore, it was reported that HPP 
decreases solubility and increase turbidity and surface hydrophobicity of egg white proteins 
by burying the SH group, and those changes in the proteins’ properties depend on the ionic 
strength, protein concentration, extent of pressurisation and pH (Van der Plancken, Van 
Loey, & Hendrickx, (2007).  
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Effect of pressure on ovalbumin at various level of total solids was examined by 
Savadkoohi, Bannikova, Mantri and Kasapis (2016). In low solid system (20%), 
pressurisation irreversibly modifies the structure of the protein, whereas those with 
intermediate solid levels (30-60%) have partial alteration in their structure. Interestingly, the 
condensed systems (80%) manages to keep its native protein conformation. The authors 
attributed the changes in the ovalbumin’s structure to the specific rearrangements of 
sulfhydryl and disulphide bonds during pressurisation as well as protein high hydrophobicity. 
Molina, Defaye and Ledward (2002) suggested that formation of soy protein gel pressurized 
at 500 MPa at 25°C for 30 min involves disulfide and hydrophobic bonds. 
Dissayanake and colleagues (2012) demonstrated protein unfolding and irreversible 
protein denaturation in whey protein systems subjected to HPP treatment. This was 
hypothesized due to irreversible disturbance of a hydrophobic core in β-lactoglobulin which 
promotes movement of water molecules to non-polar residues in the corpuscular interior. 
However, a contrasting phenomenon is reported for BSA network composing of largely 
undenatured protein molecules. Savadkoohi et al. (2014) argued that BSA preparations 
(either in low or high solid systems) are able to withstand pressurisation at 600 MPa because 
of its 17 disulfide bonds and their secondary bonds. This is in accordance with an earlier 
work by Hosseini-nia, Ismail and Kubow (2002) which suggested the high number of 
disulphide bonds in BSA gives a greater resistance to denaturation via HPP compared to α-
lactlabumin. Strikingly, HPP at a pressure level beyond 600 MPa was recorded to cause 
irreversible protein unfolding followed by gelatin in BSA systems (De Maria, Ferrari & 
Maresca, 2015). It appears that such process destroys the tertiary structure, therefore, 
encouraging polymerization of BSA and construction of disulphide bridges between BSA 
molecules. 
 
1.7 Effect of salts on food proteins 
 
Salts are used in industry to enhance foods’ flavour or preserve them by decreasing 
their water activity, which then inhibit the growth of microorganisms. High concentration of 
salt creates osmotic effect which is harmful to spoilage organisms. However, salts are also 
involved in some reactions responsible for developing certain organoleptic characteristic in 
foods (Albarracin, Sanchez, Grau, & Barat, 2011). Salts are known to affect the stability and 
functionality of proteins resulting in improved gelation and higher water-holding capacity 
(Liu, Low, Nickerson, 2009; Verheul and Roefs, 1998). However, gelation and gel properties 
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of biopolymers could be affected by the concentration of added salt (Matsudomi, Rector & 
Kinsella, 1991). There are various forms of salt and their properties depend on the 
counterions utilised. 
Hofmeister series categorize the counterions based on how they affect the 
physicochemical properties of numerous aqueous processes, varying from colloidal assembly 
to protein folding (Zhang & Cremer, 2006). In 1880s and 1890s, Hofmeister and his student 
Lewith were the first to study the effect of counterions on proteins solubility (Kunz, Henle, & 
Ninham, 2004). Following a series of experiments, they found that the proteins in salt 
solutions precipitate and that depends on the nature and concentration of the salt. The order of 
counterions in the Hofmeister series is shown in Figure 1.12. The cations and anions on the 
left side can induce protein aggregation, thus, reducing their solubility. Addition of these ions 
also promote the stability of the protein’s native folded structure. By comparison, the ions 
located on the right side have positive effect on the solubility of protein, but they can also 
induce denaturation of protein (Kunz et al., 2004).  
It has been documented that salts such as potassium fluoride (KF) or sodium sulfate 
(NaSO4) can stabilize native protein conformations, while guanidinium chloride (GdmCl) has 
been used as unfolding agent. The thiocyanate (SCN-), perchlorate (ClO4-) or iodide (I-) 
anions promote protein denatured states (Crevenna, Naredi-Rainer, Lamb, Wedlich-Söldner 
& Dzubiella, 2012). Effects of cations and anions on proteins was initially attributed partly to 
the breaking or making water structure, but later work showed that bulk water structure is not 
central to the hofmeister effect (Zhang & Cremer, 2006). The authors suggested that direct 
ion and macromolecule interactions should also be considered. 
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Figure 1.12 Hofmeister series (Jakubowski, 2013). 
 
Researchers argued that divalent cations are more effective than the monovalent 
counterpart in inducing protein gelation due to their binding ability (Balakrishnan et al., 
2018; Kundu, Chinchalikar, Das, Aswal & Kohlbrecher, 2014). It was found that divalent 
cations such as Ca2+ can act as a bridge between whey protein chains via the negatively 
charged carboxylic groups, hence enhancing the gel strength (Kuhn, Cavallieri, & Da Cunha, 
2010). They also reported that the addition of CaCl2 in the mixture of whey protein and 
flaxseed gum produced strong and less discontinuous gels with a lower water holding 
capacity and deformability compared to that induced by NaCl. However, the latter produced 
gels with higher elasticity and hardness. In another study, Sarabia, Gomez-Guillen & 
Montero (2000) reported that chloride-based salts decrease the melting point of gelatin while 
other types of salts raise the polymer’s melting point. Ion-specific salt-induced interactions 
are very important in biopolymers interactions. In some systems, charged biopolymers 
compete for counterions; this was the case for mixtures containing κ-carrageenan and whey 
protein isolate. When CaCl2 was added in the system, surprisingly, the undenatured whey 
protein molecules bound the calcium ions and that prevented the formation of carrageenan 
network (Harrington, Foegeding, Mulvihill & Morris, 2009). 
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1.8 Significance and rationale of this research 
 
1. Due to the lack of experimental protocols to determine the phase composition of 
biopolymers, theoretical modeling is a valuable tool to provide insights into phase 
phenomena in low to intermediate-solid biopolymer matrices.  
2. It is difficult to record directly the volumes and composition of the phases as well as 
the partition of added calcium ions between the two polymeric phases, which 
determines their structural properties and textural consistency. 
3. Results derived from this research will provide a general approach on the application 
of techniques and concepts of material science to determine the phase behaviour of 
either cold-setting or heat-setting biopolymer systems as well as pressurised materials 
 
1.9 Primary research questions 
 
1. What are the effects of heat treatment and HPP on the structural and mechanical 
properties on the binary mixtures of gelatin and BSA? 
2. Are the Lewis-Nielsen and isostrain-isostrain blending laws theories applicable to 
BSA/gelatin systems to explain the effect of water partition on the structural 
properties of the blend following thermal and high pressure treatments? 
3. What is the impact of salt, i.e calcium chloride on thermal- and high pressure stability 
and gel-forming properties of BSA and gelatin mixtures? 
4. Are the Lewis-Nielsen and isostrain-isostrain blending laws theories applicable to 
model the partition of added counterion between BSA/gelatin polymeric phases? 
 
1.10 Research objectives 
 
1. Investigate the structural properties of thermally treated BSA and gelatin single 
systems followed by mixed hydrogel systems over a wide range of temperature and 
polymer concentration. 
2. Examine the effect of solvent partition on the structural properties of BSA/gelatin 
blends using theoretical modelling, i.e. Lewis-Nielsen and isostress-isostrain blending 
laws. 
3. Investigate the effect of counterion addition, in the form of ionized calcium, on the 
structural properties of a mixture made of BSA/gelatin subjected to thermal and high 
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pressure treatments using theoretical modelling, i.e Lewis-Nielsen and Takayanagi 
blending laws. 
4. Examine the physicochemical properties of pressurised BSA and gelatin single 
systems as well as the mixtures over a wide range of polymer concentration. 
5. Compare and contrast the effect of thermal treatment vs HPP on the rheological and 
structural properties of gelatin and BSA mixtures with and without calcium chloride 
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CHAPTER 2 – MATERIALS AND METHODS 
 
This chapter describe materials, methods, equipment and instrumentation used in this 
research. In addition, the working modes of the techniques used as well as the fundamentals 
behind are also introduced in this chapter. 
2.1 Materials 
 
2.1.1 Bovine Serum Albumin (BSA) 
 
BSA was purchased from Sigma-Aldrich (A-7906) (Sydney, Australia). According to 
the information given by the supplier, the material was more than 98% in concentration, 
which was determined using agarose electrophoresis. Its nitrogen content was between 14.5 
and 16.5%. 1% BSA in 0.15M NaCl has a natural pH of 6.5 to 7.5. BSA was in the form of 
powder with white to light yellow colour. It was purified using heat shock fractionation 
method and its molecular weight is around 66 kDa. The isoelectric point of the protein is 4.7. 
 
2.1.2 Gelatin 
 
Type B gelatins were obtained from Sigma Aldrich (Sydney, Australia) and Sanofi Bio-
industries (Carentan, France). The former (G9382) was derived from lime-cured tissue. It has 
a bloom value of 210 and contains 100-115 millimoles of free carboxyl groups per 100g of 
protein. Its pI ranges from 4.7 to 5.2.  It was supplied in the form of powder with light yellow 
colour. The protein was reported to have a molecular weight range from 280 to 310 kDa. The 
gelatin from Sanofi Bio-Industries also has similar molecular weight, i.e. 283 kDa with a 
bloom value of 189. An isoelectric point of 4.5 is noted for this gelatin. This protein was 
provided in the form of granules with light yellow colour. 
 
2.1.3 Calcium chloride (CaCl2) 
 
Calcium chloride was purchased from Sigma-Aldrich (C1016) (Sydney, Australia). The 
specification sheet provided by the supplier stated a molecular weight of 110.98 g/mol and a 
particle size smaller than 5.0 mm for this salt. Furthermore, the salt was in the form of white 
crystals.  
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2.2 Methods 
 
2.2.1 High pressure processing 
 
In recent years, high pressure processing (HPP) has gained popularity in food 
manufacture due to its ability to inactivate enzymes and microorganisms while maintaining 
the organoleptic and physicochemical properties of the food (Deliza, Rosenthal, Abadio,Silva 
& Castillo 2005). During HPP, solid or liquid foods, with or without packaging are 
pressurized from 0°C to 100°C for seconds to 20 min (Butz and Tauscher, 2002). The 
pressure range between 400 and 600 MPa is preferred by food industries (San Martín, 
Barbosa-Cánovas & Swanson, 2002).  
Application of pressure influences chemical composition and/or equilibria, and their 
relationships are given in the following equation: 
 
∆ = − 	
      (2.1) 
∆ ‡= − 	
      (2.2) 
 
where the chemical reaction volume and the activation volume are denoted as ∆V and ∆V‡, 
respectively. K is the equilibrium constant, T is the temperature (in Kelvin), P is the pressure 
and k is the reaction rate. R is the gas constant (8.314 J/K mol). Knowledge about the nature 
of the reaction and its mechanism can be derived from ∆V and ∆V‡ values (Jonas and Jonas, 
1994). ∆V can be used to determine the effect of pressure on the equilibrium, e.g. a negative 
value shows that an increase in pressure favours product formation. Dissociation reactions 
typically demonstrate a negative ∆V, for instance, -22.2 cm3/mol for water. When higher 
pressures are used, the equilibrium of hydrophobic interactions, hydrogen bond formation, or 
van der Waals forces shift to the product side. In terms of ∆V‡, a positive value indicates that 
the reaction is limited whereas a negative counterpart elevates the reaction rate (Knorr, Heinz 
& Buckow, 2006). 
Pressure favours reactions and processes that involves volume reduction, and restrains 
those affiliated with volume increase (Hendrickx, Ludikhuyze, Van den Broeck, & Weemaes, 
1998). For instance, the disruption of covalent bonds is linked with an increase in volume; 
hence HPP does not disrupt them. In contrast, hydrogen bonds are affected by extreme 
pressure even though low pressures tend to stabilize them. As the secondary structure of 
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proteins is mainly stabilized by hydrogen bonds, only very high pressures can disrupt such 
bonds yielding to irreversible denaturation (Knorr, 1999). In addition, a decrease in volume is 
observed in ionic and hydrophobic bonds’ disruption because of the presence of water. 
Therefore, protein’s tertiary structure, which is primarily stabilised by ionic and hydrophobic 
interactions, are affected by pressures above 200 MPa (Hendrickx et al., 1998).  
When packages of food, which are immersed in a liquid, are treated with high pressure, 
all parts of food instantaneously receive the same amount of pressure. This means that the 
product shape and size do not affect the processing condition. Such unique feature gives HPP 
a significant advantage over thermal-based processing techniques. While HPP is a non-
thermal technique, the food’s temperature rises during pressurization because of adiabatic 
heating of water and other food constituents. Adiabatic heating, also known as heat of 
compression, is defined as a spontaneous change of materials’ volumetric temperature during 
decompression or compression. To obtain a homogenous increase in temperature during 
compression, the initial temperature needs to be uniform and the temperature of the pressure 
vessel must be the same as to that of the final food (Fellows, 2017). 
Depending on the way the pressure is produced in the vessel, HPP equipment can be 
classified as either as indirect or direct compression. In the case of direct compression, a 
hydraulic pressure moves a piston, which then compresses fluid contained in the vessel by 
decreasing the volume. By comparison, indirect compression employs a high-pressure pump 
or intensifier to supply the pressurizing fluid into the vessel so that a specified pressure can 
be achieved (San Martín, Barbosa-Cánovas & Swanson, 2002). In addition, direct 
compression systems use dynamic pressure seals between the internal vessel surface and the 
piston, which have a very high cost whereas the indirect counterpart use static pressure seals 
and have a lower capital cost. As a result, the indirect compression systems are usually 
adopted in commercial HPP equipment. 
In general, indirect HPP is mainly composed of the following components: high 
pressure vessel with its closure, temperature control device, the pressure generation system, a 
material handling system, and a data acquisition system including controls and 
instrumentation, as shown in Figure 2.1 (Mertens, 1995). The pressure vessel, which is the 
heart of the HPP unit, are available in three designs: 
1. Autofrettage (self- or auto-shrinking) 
2. Heat-shrink vessels 
3. Wire-wound vessels 
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Figure 2.1 A schematic of an indirect HPP equipment (Mertens, 1995). 
 
In the first design, shell pressurisation induces a plastic deformation on the shell’s 
internal wall and an elastic deformation on the external wall. Such shell is able to withstand 
high internal pressures. Heat-shrink vessels are often made up of multiple layers, i.e. an inner 
liner (stainless steel based), middle and outer layers, which are made from high-strength steel 
alloy. Wire-wound vessels consist of a long pre-stressed wire wound around a single shell. 
Unlike the autofrettage and heat-shrink pressure vessels, wire-wound vessels have a safety 
system to prevent a destructive failure of the pressure vessel and explosion by allowing the 
unit to discharge and release the pressure before such events could occur. Pressure vessel 
closures use either a threaded steel or a retractable prestressed frame. The former allows a 
quick removal of the closure whereas the latter is placed over the vessel (Fellows, 2017). The 
pressure generation system includes pressure intensifier/pump and pressure-transmitting 
medium which is usually a mixture of water and oil. The level of oil is generally small since 
its sole purpose is for pump lubrication (Mertens, 1995). 
Commercial HPP of fluid foods can be operated in either semi-continuous or batch 
systems. The former is less common and are mainly utilised to process pumpable food 
materials that are aseptically packaged afterwards. The latter involves placing pre-packaged 
materials in the vessel followed by transferring the pressure medium (water) into the vessel 
and closing the vessel. A compression process is then carried out in which the materials are 
kept at the target pressure and temperature for a specified time followed by vessel 
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decompression. The decompression process is achieved by discharging the pressure medium 
(Gupta & Balasubramaniam, 2012). 
 
 
Figure 2.2 Stansted ISO-LAB FPG11501 High Pressure unit. 
 
High pressure treatment for this work was carried out using Stansted ISO-LAB 
FPG11501 High Pressure unit (Stansted Fluid Power Ltd., Stansted, Essex, UK), as shown in 
Figure 2.2. The chamber has a maximum capacity of 3.56 L. It is equipped with a vessel that 
can withstand temperature ranging from -20 to 110°C and pressure up to 800 MPa. The unit 
is able to maintain a temperature up to 130°C under pressure. In this unit, the compression 
and decompression rates are adjustable with a maximum of 4000 MPa/min. A mixture of 
water and propylene glycol (35-40% glycol) is used as the pressure-transmitting fluid 
(Knoerzer, Buckow, Sanguansri, & Versteeg, 2010). 
 
2.2.2 Rheology 
 
Rheology is a concept that examines the deformation and flow of matter. Rheological 
measurements are utilised to achieve the microscopic characteristics of biopolymers such as 
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aggregation, overall molecular shape and intermolecular network formation. This technique 
can be categorised into two different tests, i.e. large deformation and small deformation 
measurements. The former measures the breakdown of structure, whereas in the latter the 
biopolymer’s structure is retained. Small deformation approach is appropriate for monitoring 
biopolymer systems in the event that many measurements need to be performed on the 
sample under distinct conditions, for instance, gel formation at different temperatures, due to 
being non-destructive analysis. In contrast, the large deformation test is considered as a 
destructive approach and more relevant for practical use of food systems and to the eating 
experience like chewing (Day & Golding, 2016). 
According to Fischer et al. (2009), this method quantifies the relationships between 
stress, deformation, and the ensuing rheological properties (e.g. viscoelasticity, viscosity, 
recovery and flow behaviour). Basic principle rheological analysis involves imposing a force 
(stress, σ) to the sample and then measuring its deformation (strain, γ) or applying a 
deformation and measuring the resistance from the sample. The parameters used in 
rheological tests are summarised in Table 2.1. 
In terms of the relationship between stress and strain, there are two idealised extreme 
cases. The first one is a Hookean solid where the stress is directly proportional to the strain 
and the deformation is instantaneous. The ratio of stress to strain provides a measure of the 
material’s rigidity, E or modulus in Equation 2.3. This type of material has an ideal elastic 
body. The second case is a perfectly viscous liquid or known as Newtonian fluid, where the 
stress is independent of the strain, but is directly proportional to the rate of strain. As shown 
in Equation (2.4), the ratio of stress to rate of strain gives the fluid’s viscosity (η).  
 
 =     (2.3) 
 =      (2.4) 
 
Newtonian liquids do exist in food products, e.g. water, milk, and clarified juices, but most 
fluid foods behave in non-Newtonian manner, in which the plot of shear stress and rate of 
strain (or shear rate) is not linear and/or it does not start at the origin. Non-Newtonian 
behaviours include shear-thinning, shear-thickening and time-dependant behaviour. These 
behaviours can be obtained from large deformation testing in which the shear stress is applied 
in single direction, thus, destroying the sample (Fischer et al., 2009). 
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Table 2.1 Standard rheological parameters 
Parameter Units (SI) Symbol 
Shear stress Pa σ 
Shear strain - γ 
Shear rate s-1 γ&  
Viscosity Pa.s η 
Shear storage modulus Pa G′ 
Shear loss modulus Pa G″ 
Complex viscosity Pa.s η* 
Dynamic viscosity Pa.s η′ 
Phase angle  - tan δ 
 
Most biopolymer systems are considered as viscoelastic, having both solid- and 
viscous-like properties. These two responses can be quantified via the small deformation test 
where a small sinusoidal strain is applied in bi-directional movement and then the resulting 
stress is measured or vice versa. In the case of an ideal elastic solid, the stress is in-phase with 
the strain, whereas for a Newtonian liquid, the stress is out-of-phase with the strain by 90°. 
For viscoelastic materials, the phase difference between the stress and strain is less than 90° 
(Rao, 2007).  
The degree of solid-like and liquid-like responses can be determined by resolving the 
stress response, to the applied strain, into its in-phase and out-of-phase components. The in-
phase component is represented by a parameter called elastic/storage modulus (Gʹ) which 
measures the energy stored in the material per cycle of deformation. Viscous/loss modulus 
(Gʺ) corresponds to the out-of-phase component and it is a measure of the energy lost per 
cycle of deformation. The overall response of the material to the applied strain can be 
described as complex modulus (G*) in Equation 2.5: 
 
∗ = ′ + " !/    (2.5) 
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Th degree of viscoelasticity of the material can be determined through the ratio of the viscous 
component to that of elastic, which is also known as phase angle or tan δ (Gʺ/Gʹ) 
(Gunasekaran & Ak, 2000). 
Complex viscosity, η*, can be defined as a function of the frequency of oscillation (ω), 
in which the ω is considered as the oscillatory analogue of shear rate. 
 
∗ = #
∗
$ =  
%#&'(#"')*/'
$    (2.6) 
 
Knowledge about the properties of viscoelastic materials, e.g. gelation and melting of 
gels, can be obtained from various small dynamic oscillatory tests, namely temperature 
sweep, time sweep, strain sweep and frequency sweep (Rao, 2007): 
i. Strain sweep is carried out by increasing the amplitude of the applied strain/stress at a 
low frequency. This test is useful to determine the linear viscoelastic range (LVR) of a 
sample. 
ii. Temperature sweep monitors the changes in elastic and viscous modulus, at specified 
frequency and strain, as a function of temperature. It is useful for investigating 
formation of a gel, e.g. heat set protein gels. 
iii. Time sweep provides the solid- and liquid-like properties of a sample as a function of 
time. The test is conducted at fixed strain, temperature and frequency. Gel cure 
experiment is another name of this test.  
iv. Frequency sweep offers information on the changes in storage and loss moduli over a 
wide range of frequency, where the temperature and strain are kept constant. 
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Figure 2.3 Four different categories of mechanical spectra in low solid biopolymer systems: 
(a) dilute solution, (b) entangled solution, (c) strong gel, and (d) “weak gel” (Kasapis & 
Bannikova, 2017). 
 
The frequency sweep spectra of low solid biopolymer system can be categorised into 
four types: dilute solution, entangled solution, weak gel and strong gel, as shown in Figure 
2.3. Dilute solution shows dominance of Gʺ over Gʹ throughout the frequency range and 
independence of η* on frequency (Richardson & Kasapis, 1998). For entangled solution, 
there is a flat dependency of η* and Gʺ > Gʹ at low frequencies. However, with increasing 
frequency there is a swap at a certain point, i.e. Gʹ > Gʺ, and η* start to decrease. In the case 
of strong gel, both Gʹ and Gʺ are independent of frequency, with Gʹ values are well above the 
Gʺ values. The mechanical spectra for weak gel is similar to that of strong gel but both 
moduli have dependency to frequency (Kasapis & Bannikova, 2017). 
To study the properties of bovine serum albumin and gelatin gels, this work employed 
an Advance Rheometer Generation 2 (ARG2) manufactured by TA Instruments (New Castle, 
DE, USA) and Paar-Physica MCR 302 (Anton Paar GmbH, Graz, Austria) as displayed in 
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Figure 2.4. The former is fitted with magnetic bearing technology allowing the instrument to 
achieve a very low torque, in the order of nN.m. Furthermore, it is equipped with Smart 
Swap™ Geometries which enables automatic geometry detection. The MCR 302 rheometer 
utilizes an electrically commutated (EC) motor technique, low friction bearing, and an 
optimized normal force sensor to optimize its performance.  
 
 
 
Figure 2.4 TA Instrument Advanced Rheometer Generation 2 (left) and Anton-Paar’s 
Rheometer 302 (right). 
 
2.2.3 Differential Scanning Calorimetry  
 
Differential scanning calorimetry or DSC is proven to be a powerful tool for obtaining 
thermodynamic information on biopolymer conformation changes. In this analysis, changes 
in the heat flows and temperature affiliated with phase transitions in the biopolymer systems 
is measured as a function of temperature and time (Heussen, Ye, Menard & Courtney, 2011). 
This unique technique has high precision, is applicable to turbid system, and does not cause 
any mechanical disruption on the studied system. Other advantages include minimal sample 
preparation and can be applied to heterogenous mixture (Kaletunç, 2009).  
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Figure 2.5 Schematic of heat flux DSC (left; Missal et al., 2010) and power compensated 
DSC (right; Giri & Pal, 2014). 
 
According to the operating mechanism, DSC is sorted into two basic types: heat flux 
and power compensated (Figure 2.5). The former uses a single oven which contains both 
sample and reference (empty) cells. Power is supplied into the oven to generate a linear 
increase in temperature at a specified heating rate. When a thermal transition happens in the 
sample, the generated temperature disparity is proportional to the heat flows in or out of the 
sample (Ehrenstein, Riedel & Trawiel, 2004). On the contrary, power compensated DSC has 
two separate ovens, one for the sample and the other for the reference. Power is supplied to 
both ovens, which are fitted with thermocouples, simultaneously to obtain a linear rise in the 
temperature over time. A zero-temperature difference between the sample and the reference 
is maintained throughout the experiment by adjusting the power transferred into the sample 
during a thermal transition. Such power adjustment is directly comparative to the quantity of 
heat transmitted to the sample (Müller & Michell, 2016). In both types, a profile of heat 
absorption or release as a function of temperature can be acquired. Heat absorption is an 
endothermic process whereas heat release is considered as exothermic process. If there is no 
phase or conformational transitions, a monotonic line is observed. 
A DSC thermogram can display a number of peaks or inflection points which relates to 
the heat-induced phase transitions, and the direction of the peak provides the information 
about the nature of the phase transition (Figure 2.6). Examples of endothermic transitions in 
biopolymer systems are melting of fat, protein denaturation, starch gelatinisation, gelatin 
melting and glass transition. By comparison, exothermic transitions include lipid 
crystallization and oxidation, starch retrogradation, protein aggregation, gelation of 
hydrocolloids, and crystallization and decomposition of carbohydrates (Kaletunç, 2009). The 
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aforementioned transitions are typically associated with changes in energy or heat capacity 
(Cp) (Zhou & Labuza, 2011). 
 
Figure 2.6 An example of DSC curve showing different phase transitions (Zhou & Labuza, 
2011). 
 
The assignment of a temperature characteristic of a process is commonly determined by 
taking the temperature at maximum heat flow into or out of the sample (Tmax), and in the case 
of multiple overlapping processes are present it is typically the only measurable temperature. 
However, the transition mid-point temperature (Tm) is sometimes used to characterise the 
fundamental process. The only time Tm coincides with Tmax is when the peak shape is 
symmetrical, but this rarely occurs in the formation or melting of co-operative structures 
incorporating more than one biopolymer chain. The measured values of either parameter vary 
with scan rate of the experiment.  
Glass transition is determined from an inflection point of a DSC curve, which indicates 
glassy to rubbery transition. It is a second order transition; thus, it is observed as a step 
change in heat capacity on a DSC curve instead as a peak (Figure 2.6.). This transition 
temperature is referred as Tg. Since glass transition actually occurs over a range of 
temperature, a combination of temperature is normally reported for Tg, i.e. Tg onset, Tg mid, and 
Tg end, which refers to the temperature at the beginning, end and mid-point of the transition 
(Zhou & Labuza, 2011). 
Determination of thermodynamic parameters, i.e. changes in entropy (∆S), enthalpy 
(∆H), Gibbs free energy (∆G), and heat capacity (∆Cp) can be obtained from the following 
framework: 
 
 58 
 
+ =  ,-.-/     (2.7) 
∆+ = + 012345 − + 657565895   (2.8) 
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where the measured heat capacity and heat flow are denoted by Cp and q, respectively. The 
temperatures at the start and the end of the transition are referred as T0 and T, respectively 
(Durowoju et al., 2017). The entropy and enthalpy are classified as first-order 
thermodynamic measures whereas the heat capacity is a second-order thermodynamic 
quantity (Müller & Michell, 2016).  
Change in enthalpy can also be derived through a model called van’t Hoff in which 
the van’t Hoff enthalpy change (∆HVH) is determined via analysing the shape of the Cp versus 
T experimental graph. The van’t Hoff equation is given below: 
 
∆:BC = D > ln G/> !    (2.12) 
 
In Equation 2.12, R is the gas constant and K is the equilibrium constant between the 
beginning and end states (Plum, 2009). The van’t Hoff enthalpy can offer insight into the 
state of thermal transition. If ∆HVH equals to ∆H, which is the measured enthalpy change, it 
suggests a two-state transition mode. A higher value of ∆HVH than ∆H indicates an 
intermolecular cooperation, e.g. aggregation. For nucleated coil-helix transitions of 
biopolymers, the value of ∆H is typically larger than that of ∆HVH (Pilch, 2000). 
This study employs a micro DSC VII manufactured by Setaram (Figure 2.7), which 
operates based on heat-flux mechanism. Its unique feature lies in its wide temperature range 
(from -45 to 120°C) and its very high sensitivity, and as such it is suitable for examining 
denaturation, aggregation and gelation of proteins. The high sensitivity is attributed to the 
design of the heat-flow measuring transducer. In addition, the instrument uses a single 
calorimetric block, which is composed of double aluminium chamber, to provide an accurate 
measurement (Setaram, 2001). 
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Figure 2.7. Micro-DSC VII SETARAM. 
 
2.2.4 Scanning Electron Microscopy 
 
Microscopic technique is very useful to investigate biopolymer assemblies over a wide 
range of distance scales depending on the method employed. Light microscopy uses light to 
visualise large natural assemblies like plant cell wall and requires no sample preparation step. 
Furthermore, the analysis can be carried out in a short amount of time and suitable for various 
types of materials. However, it provides little information on their structure due to the use of 
relatively low magnification, i.e. 4-1500x magnification. Materials with size larger than 0.2 
µm are the ones that suitable for visualisation via this method (Rouèche et al., 2006; Shu et 
al., 2006).  
By comparison, electron microscopy technique can offer more detailed observation on 
the biopolymer structure. The technique allows observation of a material’s structure in atomic 
scale, i.e. up to 0.1 nm in size. Electron microscopy composes of a vast range of methods: 
transmission electron microscopy (TEM), field emission transmission electron microscopy 
(FE-TEM), scanning electron microscopy (SEM), field emission scanning electron 
microscopy (FE-SEM), environmental scanning electron microscopy (ESEM) and micro-
probe electron microscopy. All methods use an electron beam to visualise the sample’s 
microstructure (Microscopy Australia, n.d.).  
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 Scanning electron microscopy (SEM) is one of the most popular microscopic 
technique because it is easy to operate and requires minimal sample preparation. However, it 
is limited to surface visualisation (Michler & Lebek, 2016).  In comparison to light 
microscope, SEM has a higher resolution, about two orders of magnitude. This high-
resolution feature is obtained with electron beam, which has a shorter wavelength than light 
and that contributes to the high resolution. This is because smaller feature can be observed 
with shorter wavelength (Wang & Petrova, 2012). 
 
 
Figure 2.8 A schematic representation of a SEM (Wang & Petrova, 2012). 
 
Figure 2.8 shows basic components found in SEM: electron beam column, detectors, 
sample stage, and computer system. All components, except the computer system, are in a 
vacuum compartment. Various parts are found within the electron column including electron 
gun, lenses, apertures, and coils. The electron beam is produced from the gun, which is 
available in two types: thermionic gun and field-emission gun. The beam pass through a point 
called crossover and then moves down toward the sample chamber with high energies 
(Kimseng & Meissel, 2001). 
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The beam produced by the gun is a divergent type, thus, is not suitable for creating a 
high-resolution image. Therefore, the beam is de-magnified and focused using a series of 
magnetic lenses and apertures.  Demagnification is achieved using the condenser lens 
whereas the objective lens focuses the beam. Within the objectives lenses, a set of scan coils 
presents, and they cause the beam to deflect in a raster pattern. In addition, there are 
stigmator, which fixes the aberration of lenses, and objective aperture, which controls the 
angle of the electron’s convergence. There is also an aperture after the condenser lens, which 
is utilised to exclude scattered electron beams (Wang & Petrova, 2012). 
Detectors are used to monitor signals produced from the interactions between the beam 
and sample. A variety of signals can be generated, i.e. secondary electrons (SE), 
backscattered electrons (BSE), characteristics X-rays, absorbed electrons, transmitted 
electrons and cathodoluminescence, but the major ones are SE and BSE (Michler & Lebek, 
2016). SE are low in energy (less than 50 eV) and they are electrons that have been expelled 
because of the interactions between primary electron beams and electrons in the sample. Due 
to their low energy, SE can escape from a very small region of the sample’s surface and, 
therefore, provides information about the surface’s topography. In contrast, BSE have high 
energy, which ranges from 50 eV up to the beam’s accelerating voltage. They are generated 
from the primary electron beams that are reflected backward or scattered back out of the 
sample due to their interactions with the nuclei within the specimen. Nuclei with a higher 
atomic number gives more BSE, thus, produces brighter area in the image. Unlike SE, BSE 
can escape from deeper region within the sample (Paredes, 2014).  
SEM operates in a high-vacuum environment (10-3 to 10-8 Pa) to maintain the 
coherence and integrity of the electron beam (Wang & Petrova, 2012). In addition, samples 
must be electrically grounded for SEM observation. However, most biological specimens and 
biopolymers are non-conductive and contain water, thus, it is difficult to keep this type of 
materials at neutral charge and in a high vacuum. A conductive coating such as gold or 
platinum needs to be applied to make the materials more conductive and suitable for SEM 
analysis. In addition, materials must be properly dried prior to SEM observation (Michler & 
Lebek, 2016; Paredes, 2014). 
Freeze-drying is commonly used to dry material for SEM analysis, but it may affect the 
original structure of the materials or cause drying artefacts. Cryo-SEM is method that is 
capable of imaging sample in a frozen state. With this method, the sample is flash frozen 
using a cryostage and an onboard sputter coater, thus, preserving its original structure 
(Schatten, 2012). The frozen sample is maintained at low temperature through the cryostage 
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while the sputter coater applies a thin metal coating on the sample to make it conductive. 
Such method is useful to observe samples, e.g. polymers, that are prone to beam damage 
(Paredes, 2014). 
Environmental SEM (ESEM) is an advanced type of SEM that allows in situ 
observation of samples in low vacuum condition due to the presence of pressure limiting 
apertures (PLA) that separates the high-vacuum beam column from the low vacuum sample 
chamber. This method is suitable for wet samples and eliminates the requirement for 
conductive coating (Leng, 2013). In this system, a certain amount of gas (the maximum is 20 
torr) is allowed into the chamber and the PLA averts the gas coming into the chamber (Wang 
& Petrova, 2012).  
Figure 2.9 demonstrate a SEM equipped with environmental scanning mode and cryo 
features, i.e. FEI Quanta 200.  Besides the environmental mode, it has high-vacuum and low-
vacuum modes, therefore, is suitable for examining a wide range of samples. 
 
 
Figure 2.9 FEI Quanta 200 ESEM. 
 
2.2.5 Fourier Transform Infrared Spectroscopy (FTIR) 
 
Fourier Transform Infrared Spectroscopy (FTIR) studies the interaction (absorption) 
between materials and electromagnetic radiation in the infrared region with wavelength 
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ranging from 2.5 to 15 µm (Wehling, 2010). The sample absorbs some infrared radiation 
while the remaining radiation is transmitted and as such the generated FTIR signal is a 
spectrum depicting the sample’s molecular fingerprint. The versatility of this technique stems 
from the distinct vibrational energy levels produced by different molecules. Each compound 
has a unique FTIR spectrum, therefore, FTIR is a popular tool for identifying and measuring 
compounds (Subramanian, 2012). Examples of organic functional groups and their absorption 
frequencies commonly observed in FTIR spectra are detailed in Table 2.2. 
 
Table 2.2 Various functional groups and their mid-IR absorption frequencies (adapted from 
Wehling, 2010) 
Groups Frequency (1/cm) 
Alkanes -CH bend and stretch  
-CH2, -CH3 bend 
3000-2800 
1470-1420 and 1380-1340 
Aldehydes and ketones  -CH (doublet) 
-C=O stretch 
2850-2700 
1735-1700 
Alcohols -OH stretch and bend 
C-O stretch 
3600-3200 and 1500-1300 
1220-1000 
Amines –NH stretch (both primary 
and secondary) 
3500-3300 
Amides -C=O stretch 
-NH stretch and bend 
1670-1640 
3500-3100 and 1640-1550 
Aromatics -CH stretch  
-C=C- stretch 
3100-3000  
1600 
Carboxylic acids -C=O stretch 1740-1720 
 
Measurement of infrared radiation can be carried out using the following relationship: 
 
 = ℎI     (2.13) 
 
where E is radiation energy, h is Planck’s constant and v is frequency (in hertz). Frequencies 
are often referred as wavenumbers (ῡ), which is calculated as follows: 
 
I̅ = 1/L    (2.14) 
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where λ corresponds to wavelength of light in cm, and the unit for wavenumber is cm-1. FTIR 
employs wavenumbers ranging from 4000 to 400 cm-1 (Wehling, 2010). 
FTIR is based on the Beer-Lambert law which relates the absorbance of peak to the 
sample’s concentration: 
 
M = NO+    (2.15) 
 
where A is the IR absorbance, a is the absorbance coefficient, b is the sample’s thickness and 
C is the concentration of the evaluated compound. The FTIR spectrum is obtained by plotting 
the absorbance (or transmittance) against wavenumber. 
 
 
Figure 2.10 A typical set up of FTIR spectrometer (Subramanian & Rodriguez-Saona, 2009). 
 
Basic components of an FTIR instrument is illustrated in Figure 2.10 which includes IR 
source, beam splitter, fixed and moving mirrors, detector, sample chamber and reference 
laser. IR source functions as IR radiation discharger. The IR light is then split into two via the 
beam splitter with one part the beam is reflected on to the moving mirror and the other part 
reaches the fixed mirror and returns to the splitter. The moving mirror can be shifted towards 
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or away from the beam splitter via the use of air bearing or mechanical bearing. The reflected 
beam from the two mirrors are combined at the beam splitter. The movement of the mirror 
produces a disparity in the distance covered by the two beams and this difference is known as 
optical retardation or optical path difference (OPD). The combined beam interacts with the 
sample and then is detected by the detector, which transform light intensity into an electrical 
signal (Subramanian, 2012).  
The IR source, fixed and moving mirrors, and beam splitter described earlier makes up 
an optical device called interferometer, which is used to acquire an interferogram signal of 
the sample. An interferogram plots radiation energy intensity against pathlength. A 
mathematical algorithm called Fourier Transform is then utilised to covert an interferogram 
into an IR spectrum, which contains two set of information, i.e. wavenumber and absorbance 
(Subramanian & Rodriguez-Saona, 2009). 
 
 
Figure 2.11 Perkin Elemer Spectrum 100 FTIR spectrometer. 
 
A variety of IR sources can be used in FTIR instrument, i.e. silicon carbide, ceramic or 
nichrome wire and Nernst glower. The ceramic or nichrome based is the popular choice due 
to it low cost and they are often referred as an air-cooled source. The beam splitter is the 
main part of the interferometer and it usually made up of a germanium-based thin film placed 
between two KBr-based infrared windows. The most common detector used in many FTIR 
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instruments is deuterated triglycine sulfate (DTGS) because it works well in mid-infrared 
region (4000 to 400 cm-1) and is relatively inexpensive (Smith, 2011). 
In this study, a Perkin Elmer Spectrum 100 FTIR spectrometer (Norwalk, CT) was 
employed to carry out FTIR measurement (Figure 2.11). The instrument is fitted with 
absolute virtual instrument (AVI) that enhances accuracy in the wavenumber standardisation. 
Besides AVI, it has another feature, i.e. atmospheric vapour compensation (AVC), which 
increases the analysis’s reproducibility by eliminating CO2 and H2O absorptions (Perkin 
Elmer, 2005). 
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CHAPTER 3 – MODELING WATER PARTITION IN COMPOSITE 
GELS OF BSA WITH GELATIN FOLLOWING THERMAL 
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CHAPTER 4 - MODELING COUNTERION PARTITION IN 
COMPOSITE GELS OF BSA WITH GELATIN FOLLOWING 
THERMAL TREATMENT 
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gels of BSA with gelatin following thermal treatment. Food Hydrocolloids, 74, 97-103. 
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CHAPTER 5 - MODELING WATER PARTITION IN COMPOSITE 
GELS OF BSA WITH GELATIN FOLLOWING HIGH PRESSURE 
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CHAPTER 6 - MODELING COUNTERION PARTITION IN 
COMPOSITE GELS OF BSA WITH GELATIN FOLLOWING HIGH 
PRESSURE TREATMENT 
 
6.1 Abstract 
We examine the morphology of hydrogels made of bovine serum albumin and gelatin 
following high pressure processing at 300 MPa for 15 min at 10 and 80°C. Emphasis is on 
the distribution of added calcium counterions between the polymeric phases seen in changes 
in the structural properties of the composite gel. Protocol includes thermal and HPP 
treatments, dynamic oscillation, ESEM, and modeling from the “synthetic polymer approach” 
to rationalize results. Pressurization at 10⁰C produced continuous gelatin networks with 
dispersed BSA inclusions whereas pressurization at 80⁰C yielded an inverse dispersion of 
BSA as the continuous phase supporting liquid gelatin inclusions. Lewis and Nielsen 
equations were adapted to predict the counterion distribution between the polymeric phases 
that profoundly affected the structural properties of the pressurized gels. The concept of 
counterion partition (pc) is introduced to the literature to follow the phase behavior of the 
composites in the presence of added calcium counterions.  
 
6.2 Introduction 
 
Use of high pressure has gained popularity in food manufacture due to its ability to 
inactivate enzymes and pathogenic microorganisms while maintaining the sensory and 
textural properties of processed food. In protein based formulations, it promotes reversible or 
irreversible modification of protein conformation reflected in changes in steady shear 
viscosity, aggregation, gelation and emulsification (Huang et al., 2017). Textural features 
depend on the magnitude and duration of pressurization at a specific application temperature. 
Mechanism of protein denaturation by HPP is distinct from thermal treatment. The 
latter can disrupt covalent bonds causing complete unfolding of the protein molecule, with 
hydrophobic groups being exposed to the aqueous environment (Boonyaratanakornkit, Park 
& Clark, 2002). Instead, standard HPP treatment forces water molecules through crevices of 
the protein matrix that initiates denaturation but leaves entire molecular domains unchanged 
and hardly affects the primary structure (Smeller, 2002; Knorr, Heinz & Buckow, 2006). Gels 
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induced by HPP yield some textural changes with distinctive features that cannot be 
reproduced by its thermal counterpart. This is due to promoting aggregation or gelation by 
affecting mainly electrostatic bonds, hydrophobic interactions, oxidation of sulfhydryl groups 
and moderately hydrogen bonds (Ledward, 2000). On the other hand, hydrogen bonds are 
very labile with increasing temperature (Boonyaratanakornkit et al., 2002). 
Phase separation between biopolymers is a critical thermodynamic state that determines 
the physical characteristics of soft materials. Virtually, all biopolymer mixtures where there is 
no over-riding drive to heterotypic association would phase separate at high enough 
concentration. As the temperature decreases and transcends the binodal curve, 
thermodynamically incompatible biopolymers in solution will form composite gels where one 
exists as the continuous phase while the other is a soft or rigid filler (Kasapis, 2008). Several 
studies that dealt with the effect of thermal treatment on phase separated gels have been 
reported (Wang, Virgilio, Wood-Adams & Heuzey, 2018; Sinthusamran, Benjakul, Swedlund 
& Hemar, 2017; Firoozmand & Rousseau, 2015), but the literature is scant on segregative 
interactions induced by high pressure (Devi, Buckow, Hemar & Kasapis, 2014).  
Salts are used commercially as flavour enhancers or food preservatives. In protein 
based foods, they impart stability and techno-functionality via improved gelation and water-
holding capacity (Liu, Low & Nickerson, 2009). Calcium ions, in particular, can improve 
thermal stability by facilitating intermolecular interactions and aggregation with negatively 
charged groups of unfolded molecules (Kulisiewicz et al., 2007; Kuhn, Cavallieri & Cunha, 
2010). However, excessive calcium bridging causes the macromolecular matrix to collapse in 
the form of a coagulum (Mulvihill & Kinsella, 1988). Such electrostatic bridges are more 
effective than monovalent cations in stabilizing protein networks or even the native 
quaternary structure of the protein (Ako, Durand, Nicolai & Becu, 2010; Balakrishnan et al., 
2018; Kundu, Chinchalikar, Das, Aswal & Kohlbrecher, 2014). 
An earlier study dealt with the effect of high pressure processing on the structural 
properties of composite gels made of BSA and gelatin. Water partition between the two phase 
separated biopolymers was the focus of that work that was elucidated by employing a suitable 
experimental protocol and computerised modelling (Semasaka, Mhaske, Buckow & Kasapis, 
2018a). This communication utilises knowledge from the earlier work to make further 
inroads into the phase behaviour of these binary systems by introducing calcium ions in the 
aqueous preparation and discussing generated structural profiles.  
 
 
 98 
 
6.3 Materials and methods 
 
6.3.1  Materials 
Bovine serum albumin (BSA) from Sigma-Aldrich (Sydney, Australia) was used in this 
study. It has an isoelectric point of 4.7, pH value of 6.9 in solution and a molecular weight of 
~ 66 kDa. Type B gelatin, with a bloom value of 225 and an isoelectric point range of 4.7-5.2 
was also obtained from Sigma-Aldrich. In addition, anhydrous calcium chloride was obtained 
from Sigma-Aldrich, and it was in a granular form with a particle size below 5.0 mm. Milli-Q 
water was used as the solvent of the above components. 
 
6.3.2  Sample preparation  
Single systems of BSA were prepared by mixing the powder in Milli-Q water at 
ambient temperature (22°C) and stirring on a magnetic stirrer for 2 hours until a 
homogeneous dispersion was obtained, then stored overnight at 5°C to allow complete 
hydration. Following this, samples were stirred again at 40°C and appropriate amounts of 
calcium chloride were added. Single systems of gelatin were prepared by dissolving the 
powder in Milli-Q water at ambient temperature, stirring for 30 min and hydrating overnight 
at 5°C. Samples were heated next at 55°C for 10 min to ensure proper dissolution and finally 
cooled to 40°C for the addition of appropriate amounts of calcium chloride. Binary mixtures 
were prepared by mixing initially solutions of the individual components, prepared as 
described above, followed by the addition of calcium chloride at 40⁰C, and final preparations 
were subjected to pressure treatment. 
 
6.3.3  High pressure processing 
This was performed in a Stansted ISO-LAB FPG11501 High Pressure 3.6 L unit 
(Stansted Fluid Power Ltd., Stansted, Essex, UK). The pressure transmission medium was a 
mixture of deionised water and propylene glycol (40% w/w). Samples were pressurized at 
300 MPa for 15 min at 10 and 80°C, respectively. These and the transmission medium were 
conditioned to an initial temperature that would produce the desired temperature after 
compression heating; a very short time (< 1 min) was used to condition our samples. The 
rates of compression and decompression were 600 and 1200 MPa/min, respectively. 
Temperatures of sample and compression fluid were recorded using separate type T 
thermocouples (Knoerzer, Buckow, Sanguansri, & Versteeg, 2010). All treatments were 
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performed in duplicate on different days and compressed samples were immediately analysed 
rheologically. 
 
6.3.4  Dynamic oscillation measurements 
They were executed using a stress controlled rheometer (Paar-Physica MCR 302, 
Anton Paar GmbH, Graz, Austria). Measurements were performed at 10 and 80⁰C. Parallel 
plate geometry (40 mm) and a gap of 2 mm were employed throughout. Silicon fluid (50 mPa 
s) was used to cover the exposed edges of the sample to minimize moisture loss both at 10°C 
and when experimentation involved heating.  Following pressurization at 10 or 80°C of single 
gelatin or BSA gels and their binary mixtures in the presence of added calcium chloride, 
frequency sweep measurements from 0.1 to 100 rad/s were carried out at the same 
temperature and a constant strain of 0.1%, which is within the linear viscoelastic region 
(LVR) of the preparations.  
Separately, thermal gelation of single BSA systems and gelatin-BSA mixtures with 
added calcium chloride was carried out by heating rapidly from 40 to 80⁰C, holding there for 
10 min and carrying out a frequency sweep from 0.1 to 100 rad/s. Single gelatin systems and 
gelatin-BSA mixtures with the added counterion were cooled rapidly from 40 to 10⁰C, held 
there for 10 min, followed by a three decade frequency sweep. A constant strain of 0.1%, 
within LVR, was also employed for the non-pressurised mixtures, and all rheological 
measurements were carried out in triplicate yielding consistent results.  
 
6.3.5  Scanning electron microscopy 
FEI Quanta 200 ESEM (Hillsboro, Oregon, USA) was utilized to visualize the micro-
images of heat-treated and pressurized gelatin-BSA mixtures. In doing so, liquid nitrogen was 
used to rapidly cool the polymeric mixtures with added calcium chloride to subzero 
temperatures to avoid ice crystal formation. Then, samples were gold coated prior to 
visualization under high vacuum conditions, with a spot size of 5, accelerated voltage of 
30kV and magnification of 1000 times. 
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6.4.  Results and discussion  
 
6.4.1  Effect of added calcium ions on the structural properties of single preparations of 
gelatin and BSA  
Much has been said on the effect of added calcium as counterion to the protein 
molecule that has been thermally treated (Manassero, David-Briand, Vaudagna, Anton & 
Speroni, 2018; Balakrishnan et al., 2018; Wu, Arosio, Podolskaya, Wei & Morbidelli, 2012). 
The most common aspect of this discussion is its ability to facilitate formation of cohesive 
gels via electrostatic interaction with the polyelectrolyte (Kharlamova, Nicolai & 
Chassenieux, 2018). The purpose of this section is to draw a baseline of behavior in thermally 
treated gelatin or BSA samples, which can be utilized as a reference for further explorations 
in the pressurised systems. 
Figure 6.1a depicts frequency sweeps of storage modulus for 18.5% (w/w) gelatin gels 
pressurized at 10°C. They were obtained for a range of calcium chloride concentrations in 
order to carry out comparisons with their unpressurized counterparts. Clearly, there is a 
steady increase in the values of G´ with addition of calcium ions, and the network strength of 
pressurised systems appears to be lower than the unpressurised preparations. Divalent 
counterions, including calcium, neutralize negatively charged carboxyl groups of the gelatin 
chain and further stabilize the network by reinforcing hydrogen bonds between adjacent 
amino acids (Senapati, 2007). During cold-setting, gelatin undergoes a transition from 
disordered coil to triple helix, which supports the formation of an elastic three-dimensional 
structure (Kulisiewicz, Baars, & Delgado, 2007). It appears that the ordered structure of three 
polypeptide chains coiled in a left-handed helix is destabilized with application of pressure 
leading to softer networks. It is understood that pressurisation above 200 MPa decreases the 
length and number of gelatin’s junction zones with a concomitant effect on network strength 
(Kulisiewicz & Delgado, 2009). 
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Fig. 6. 1. (a) Frequency variation of storage modulus for 18.5% gelatin mixed with 0.2% 
(∆,▲), 0.5% (□,■) and 0.8% (○,●) CaCl2 cooled at 10°C (open symbols) and pressurized 
at the same temperature (closed symbols), (b) frequency variation of storage modulus for 
36.4% BSA mixed with 0.2% (◊,♦), 0.5% (□,■) and 0.8% (○,●) CaCl2 following heating 
at 80°C (open symbols) and pressurisation at the same temperature (closed symbols), and 
(c) calibration curves of Gʹ as a function of CaCl2 concentration for 18.5% gelatin 
pressurized at 10ºC (●) and 36.4% BSA pressurized at 80ºC (■). 
 
Figure 6.1b illustrates the frequency sweeps of 36.4% (w/w) BSA samples with 0.2, 0.5 
and 0.8% (w/w) calcium chloride that were pressurized at 80°C, and as before, they are 
contrasted with their thermally treated counterparts at the same temperature. Storage modulus 
values increase with higher calcium chloride content for both gelation processes, with the 
mechanical strength of unpressurized samples being dominant. Stabilisation of the three (I, II, 
III) structural domains, forming an overall oblate (heart-like) shape in the BSA molecule, 
involves a number of ionisable groups that is enhanced by the presence of calcium 
counterions (Kundu et al., 2014). In addition, there are seventeen disulfide bridges per 
molecule, which are disturbed upon thermal treatment to participate extensively in covalent 
bond formation resulting in protein unfolding and aggregation (Hosseini-Nia, Ismail & 
Kubow, 2002). In contrast, application of high pressure makes available the free cysteine 
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residue (Cys-34) for intermolecular association, but the hydrophobic groups in the interior of 
the BSA globule remain largely unexposed to water molecules, which retains its secondary 
conformation leading to limited gelation (De Maria, Ferrari & Maresca, 2016).  
Structural differences in gels of the two experimental protocols encouraged us to pursue 
the corresponding profiles for mixed preparations. Understanding the contribution of calcium 
ions to the network strength of biphasic systems requires modeling of the counterion partition 
between the two phases and this is facilitated by the construction of a calibration curve. 
Figure 6.1c reproduces the values of storage modulus obtained at 1 rad/s from the 
aforementioned frequency sweeps for pressurised systems. Gratifyingly, there is a good linear 
relationship between added counterion and BSA at 80ºC (r2 = 0.993) or gelatin at 10ºC (r2 = 
0.988), with the former being dominant. This will allow construction of an algorithm to 
model the phase behavior of the gelatin-BSA mixture in the ensuing sections. 
 
6.4.2  Effect of added calcium ions on the structure of BSA-gelatin mixtures 
Discussion thus far made the mechanical properties of single preparations of gelatin 
and BSA fairly well understood, and this can serve as a basis to explore the behavior of 
biphasic systems. In doing so, a series of mixtures was prepared where the concentration of 
gelatin and BSA was kept constant at 8 and 12% (w/w), respectively, but varied that of 
calcium chloride from 0.2 to 0.8% (w/w). Preliminary work established that pressurization of 
single BSA systems at 10°C retains a liquid-like consistency, which is in contrast to the 
pressurised composite that forms a cohesive gel. Therefore, we conclude that gelatin forms a 
continuous solid-like phase supporting the liquid BSA inclusions. Figure 6.2a shows the 
frequency sweeps of pressurized mixtures at 10°C in the presence of calcium ions, which are 
contrasted with the thermally treated samples. There is a considerable difference in the 
mechanical strength of the two types of materials, and in the case of 0.5% (w/w) CaCl2 
addition, the values of log G' in the flat frequency sweeps increase from about 3.7 in 
pressurised samples to 4.0 for the unpressurised counterparts. Inclusion of the liquid BSA 
filler decreased the gel strength of all mixtures compared to the single systems shown in 
Figure 6.1a; 18.5% (w/w) gelatin is its effective concentration in the mixture with BSA 
treated at 10°C, as it will be discussed in the next section. 
 104 
 
 
 
Fig. 6.2 (a) Frequency variation of storage modulus for the binary mixture of 8% gelatin and 
12% BSA with 0.2% (□,■), 0.5% (∆,▲) and 0.8% (○,●) CaCl2, with open symbols 
representing samples cooled at 10°C and closed symbols representing samples that are 
pressurised at the same temperature, and (b) frequency variation of storage modulus for the 
binary mixture of 14% BSA plus 12% gelatin with 0.2% (◊,♦), 0.5% (□,■) and 0.8% (○,●) 
CaCl2, with open symbols representing heated samples at 80°C and closed symbols 
representing samples pressurised at the same temperature. 
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This exercise was reproduced for another mixture where the BSA and gelatin 
concentration was kept constant at 14 and 12% (w/w), respectively, and varied that of 
calcium chloride from 0.2 to 0.8% (w/w), as per above. The purpose was to treat those at 
80°C where preliminary work documented that pressurised gelatin remains in solution but 
pressurised mixtures form cohesive gels arguing for an inverse dispersion with a continuous 
gel-like BSA phase supporting liquid gelatin inclusions. Figure 6.2b represents their small 
deformation rheology where unpressurized materials are more rigid than the pressurized ones, 
and in the case of 0.5% CaCl2 addition, log G´ values increase from about 3.6 to over 3.9. 
Liquid gelatin inclusions decreased the gel strength of all mixtures compared to the single 
systems shown in Figure 6.1b; 36.4% (w/w) BSA is its effective concentration in the mixture 
with gelatin treated at 80°C, as it will also be discussed in the next section. 
Finally, tangible evidence of the transformation in the networks of these mixtures 
following the experimental protocol of the present investigation is offered in Figures 6.3(a-d). 
A typical micrograph of 8% gelatin plus 12% BSA and 0.5% CaCl2 that was pressurised at 
10°C yields a relatively smooth and featureless background for the gelatin network (Figure 
6.3a). In contrast, the unpressurised system yields agglomerated assemblies that grow 
randomly in all directions reflecting the effect of gelatin curing at low temperature (Figure 
6.3b). In a similar vein, the mixture of 14% BSA plus 12% gelatin and 0.5% CaCl2 
pressurised at 80°C exhibits a relatively flat structure lacking well defined long-range order 
(Figure 6.3c). On the other hand, the unpressurised counterparts at the same temperature, 
form optically dense networks reflecting the effect of thermal treatment on the denaturation 
of the BSA globule. Overall, the morphological features of the examples reproduced using 
ESEM are congruent with the discussion on the structure of gelatin-BSA composites derived 
rheologically.  
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Fig. 6. 3. Scanning electron micrographs of (a) 8% gelatin plus 12% BSA with 0.5% CaCl2 
pressurized at 10°C, (b) 8% gelatin plus 12% BSA with 0.5% CaCl2 cooled at the same 
temperature, (c) 14% BSA plus 12% gelatin in the presence 0.5% CaCl2 pressurised at 
80°C, and (d) 14% BSA and 12% gelatin with 0.5% CaCl2 heated at the same 
temperature. 
 
6.4.3  Modeling of counterion partition in the pressurised gelatin-BSA mixtures 
Work until now remained qualitative but was able to show that the two polymers form 
phase separated mixtures whose mechanical properties are affected significantly by treatment 
and CaCl2 addition. To proceed with a quantitative treatment, we need to utilise results from 
an earlier communication that documented in the pressurised gelatin-BSA composite the 
dynamic distribution of solvent is always in favor of the biopolymer forming the continuous 
phase (Semasaka et al., 2018a). In the mixture of 8% gelatin and 12% BSA, following 
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application of high pressure at 10°C, it was found that the effective polymer concentration 
and phase volume were 18.5% and 21.1%, and 0.432 and 0.568, respectively. 
The above mentioned solvent partition was utilised in the present investigation to 
model the effect of counterion addition on the same composite. In doing so, we used the 
version of Lewis and Nielsen modelling that is compatible with the morphology of an elastic 
continuous phase (from gelatin) supporting a liquid-like filler (from BSA) following 
pressurisation at 10°C (Shrinivas, Kasapis & Tongdang, 2009):  
G'1 / G' = (1 + AiBiφ2) / (1 - Biψφ2)   (1) 
    Bi = [(G'1 / G'2) - 1] / [(G'1 / G'2) + Ai]  (2) 
                                     ψ = 1 +  [(1 - φm) / φm2 ]φ2               (3) 
where, G'1 is the shear modulus of the biopolymer forming the continuous (and strong) phase 
at its effective concentration, G'2 is the shear modulus of the biopolymer forming the 
discontinuous (and weak) phase at its effective concentration, G' is the shear modulus of the 
composite, and ϕ2 is the phase volume of the filler (ϕ1 + ϕ2 = 1).  
The approach takes into consideration the shape of the filler through the inverted 
Einstein coefficient (Ai = 1/A), which is very sensitive to the morphology of the composite.  
For dispersed spheroidal particles in an elastomeric matrix, A = 1.5 (Datta, 2013), and the 
value used in the present investigation was Ai = 0.667. The maximum packing fraction (φm) of 
the filler phase is included in equation (3), which for the random packing of approximately 
equal-size spheroids is around 0.64 (Blétry & Blétry, 2015), and this value has been used for 
the spheroidal liquid filler of BSA in modeling.  
Table 6.1 summarizes experimental values and modeling outcomes following addition 
of calcium ions to the 8% gelatin - 12% BSA mixture that has been pressurised at 10°C. 
There is a discrepancy between the values of the experimental storage modulus (G´exp) and 
the G´c predictions, obtained via the mathematical expressions (1) to (3), for each level of 
CaCl2, an outcome which argues for a certain distribution of the counterion between the two 
polymeric phases. In order to pinpoint the counterion partition between the two phases, we 
used the linear relationship obtained in Figure 6.1c for the pressurised gelatin matrix at 10°C. 
In the case of 0.5% CaCl2 addition, a computerized variation from 0.2 to 0.49% in the gelatin 
phase and 0.3 to 0.01% in the BSA phase was implemented. For 0.8% CaCl2 addition, the 
computerization varied from 0.2 to 0.79% in the gelatin phase and 0.6 to 0.01% in BSA 
phase, in steps of 0.01. These enabled us to calculate the moduli for each hypothetical 
distribution of counterion in our systems by using equations (1) to (3), and both outcomes are 
 108 
 
reproduced in Figures 6.4(a,b); modelling for 0.2% CaCl2 addition is physically unrealistic 
since the calibration curve deviates from linearity below this level of counterion. 
Gratifyingly, the experimental composite modulus intersects the trace of calculated 
composite modulus to return a prediction of gelatin attracting 0.34 and 0.50% Ca2+ at the 
intermediate and high level of counterion addition, respectively. 
 
Table 6.1: Experimental and modeling parameters of pressurized gelatin-BSA mixtures 
 Gelatin as continuous matrix 
(Pressurized at 10°C) 
BSA as continuous matrix 
(Pressurized at 80°C) 
CaCl2 conc (%) 0.2 0.5 0.8 0.2 0.5 0.8 
Gelatina G′1 (Pa)  44460 60410 78900 - - - 
Gelatinb G'2 (Pa) - - - 1.93 1.04 1.99 
BSAc G′1 (Pa)  - - - 87530 127500 189100 
BSAd G'2 (Pa) 0.45 0.62 0.58 - - - 
Einstein coefficient (Ai) 0.667 0.667 0.667 0.667 0.667 0.667 
Gelatin phase volume (φ1, φ2)  0.432 0.432 0.432 0.616 0.616 0.616 
BSA phase volume (φ2, φ1) 0.568 0.568 0.568 0.384 0.384 0.384 
ψ 1.499 1.499 1.499 1.541 1.541 1.541 
Bi 0.999 0.999 0.999 0.999 0.999 0.999 
G′ predicted (G′c) (Pa) 4787 6504 8495 3159 4602 6825 
Log G′c 3.68 3.81 3.92 3.50 3.67 3.84 
G′ experiment (G′exp) (Pa) 4668 5499 6479 2856 4048 5739 
Log G′exp 3.67 3.74 3.81 3.45 3.60 3.75 
a & d : Effective concentrations of 18.5% gelatin and 21.1% BSA were used, and the original 
mixture concentration was 8% gelatin and 12% BSA 
b & c : Effective concentrations of 36.4% BSA and 19.5% gelatin were used, and the original 
mixture concentration was 14% BSA and 12% gelatin 
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Fig. 6. 4. Computerized modeling for 8% gelatin plus 12% BSA in the presence of (a) 0.5% 
and (b) 0.8% CaCl2 pressurized at 10ºC as a function of counterion addition. The 
predicted composite modulus (G'c; solid line) and the experimental composite modulus 
(G'exp; dashed line) are plotted on the left Y-axis, whereas the predicted storage modulus 
of gelatin (G'Gel; dotted line) is plotted on the right Y-axis. 
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The working approach was also tested in binary mixtures that were pressurised at 80°C 
yielding a continuous BSA matrix supporting liquid gelatin inclusions. Semasaka et al. 
(2018a) showed that the sample of 14% BSA and 12% gelatin pressurized at 80°C produced 
values of effective polymer concentration and phase volume of 36.4% and 19.5%, and 0.384 
and 0.616 for the two phases, respectively. These predictions of solvent partition were 
utilised to obtain experimental and calculated modulus values for the composite reproduced 
in the second part of Table 6.1. Once more, predicted G´c was higher than G´exp at each level 
of counterion encouraging us to implement modeling that calculates the distribution of 
counterion between the two polymeric phases. Outcomes of this work are depicted in Figures 
6.5(a,b) where there is a clear intersection between predicted and experimental moduli at 0.37 
and 0.57% Ca2+ in the BSA phase for the two levels of addition (0.5 and 0.8% Ca2+). 
In a plethora of studies on segregative interactions leading to phase separated networks, 
the volumes and composition of the two phases, which determine their structural properties, 
was pursued. In order to characterise the partition of water in relation to the relative affinity 
of the two polymers for solvent, the so-called “p factor” was introduced, which is the ratio of 
water to polymer in one phase divided by the corresponding ratio in the other phase (Clark, 
1987; Semasaka et al., 2018b). In light of the current results, the above term should be 
renamed to pw in order to denote water partition and to distinguish from the concept of pc for 
counterion partition, which we wish to introduce based on present results. The latter should 
be calculated, as follows:   
pc = (cx/x) / (cy/y)                                         (4)   
where, cx and cy are the counteraction concentrations in polymer X and Y phases, while x and 
y
 
are the original/nominal concentration of the two polymers in the mixture.  
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Fig. 6. 5. Computerized modeling for 14% BSA and 12% gelatin in the presence of (a) 0.5% 
and (b) 0.8% CaCl2 pressurized at 80ºC as a function of counterion addition. The predicted 
composite modulus (G'c; solid line) and the experimental composite modulus (G'exp; dashed 
line) are plotted on the left Y-axis, whereas the predicted storage modulus of BSA (G'BSA; 
dotted line) is plotted on the right Y-axis. (c) Predictions of the counterion partition (pc) in the 
composite systems following pressurisation at 10°C (□) and 80°C (■). 
 
Data from Figures 6.4(a,b) and Figures 6.5(a,b) were employed in equation (4) to 
generate estimates of counterion partition in the gelatin-BSA mixture of this investigation. 
Figure 6.5c depicts values of pc for the pressurisation protocols at 10 and 80°C. Clearly, 
higher CaCl2 addition from 0.5 to 0.8% (w/w) brings the pc estimates closer to one, which 
argues for an increasingly saturated environment that partially negates differences in 
counterion avidity between the two polymers. The non-aggregated gelatin network appears to 
provide a high surface area that holds effectively calcium ions, as compared to the compact 
BSA globule. In both cases, formation of a continuous matrix is able to retain dynamically 
disproportionate amounts of the counterion, an outcome which is congruent with the 
increasing water holding capacity of the continuous phase in binary gels reported earlier 
(Kasapis, 2008).    
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6.5 Conclusions 
 
Segregative interactions between biopolymers have been examined thus far using 
thermal treatment, i.e. controlled cooling for the gelation of polysaccharides and gelatin, or 
controlled heating for the denaturation of globular proteins. Application of high pressure to 
manipulate the structural properties of mixed biopolymer systems and comparison with 
thermal treatment is a novel undertaking in the field of soft materials. In a sister publication, 
the phase behavior of gelatin-BSA composites was characterized following pressurisation to 
offer insights into the development of fresh-looking processed meat products. The present 
work considers the effect of calcium addition as counterion to the polyelectrolyte mixture of 
gelatin with BSA. This is achieved by adapting the Lewis-Nielsen model, hitherto employed 
only in relation to the water avidity of composite gels, to consider every possible distribution 
of the counterion between the two polymeric phases. This allowed introduction of the 
counterion partition factor (pc) as a measure of the relative attraction between polymer and 
counterion in a binary system. In the case of gelatin and BSA, it was demonstrated that the 
polymer forming the continuous matrix would always hold dynamically disproportionate 
amounts of calcium ions on a weight-for-weight basis. We hope that the new concept of 
counterion partition is tested on a wide range of composite gels in an effort to assist with 
further applications of high pressure processing.       
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CHAPTER 7 - CONCLUSIONS AND FUTURE RESEARCH 
 
7.1 Introductory aspects that led to the present study 
 
Mixed biopolymers gels are widely used in pharmaceutical, biomedical and food 
industries due to their functional properties. Biopolymers such as polysaccharides and 
proteins are often utilised in numerous food systems to affect their texture and stability 
(Chronakis & Kasapis, 1993; Dickinson, 2008). These natural polymers have also drawn 
widespread attention from food packaging field since they are biodegradable, thus, are 
environmentally friendly (Grujic, Vukic & Gojkovic, 2017). In recent years, application of 
biopolymers for the targeted delivery of bioactive substances has attracted a lot of interest 
from nutraceutical manufacture (Panyoyai, Bannikova, Small, Shanks & Kasapis, 2016; 
Paramita & Kasapis, 2018).  
Due to increasing appreciation of biopolymers in imparting techno-functionality in a 
wide range of materials, including foods and nutraceuticals, a knowledge on the structure-
function relationship of biopolymer mixtures is important for the development of materials 
with desirable textural properties and stability. There has been a considerable increase in the 
use of proteins to provide a range of properties in low-solid food systems. Therefore, this 
PhD study uses bovine serum albumin (BSA) and gelatin which are found to possess broad 
industrial applications.  
BSA, which is a globular protein and a component of bovine whey protein, improves 
the texture, nutritional quality and stability of food materials. The protein is capable of 
binding free fatty acids and flavour components, owing to its large size (MW= 66 KDa) and 
the presence of many amino acid residues (582 amino acids) (Madureira, Pereira, Gomes, & 
Pintado, 2007). Further benefits of utilising BSA in food systems include its ability in 
binding metabolic products, nutrients, flavonoids and counteracting some endogenous and 
exogenous toxins (Papadopoulou, Green & Frazier, 2005; Rawel, Rohn, Kruse, & Kroll, 
2002; Ferrer, Bosch, Yantornob & Baran, 2008; Bal, Christodoulou, Sadler & Tucker, 1998). 
Interactions between BSA and other proteins, particularly gelatin, are of interest to food 
processors in developing new food formulations with improved nutritional and textural 
properties, and stability. Gelatin is widely used in food products such as desserts, spreads, 
confectionary, meat and dairy products. Its functionality ranges from gelling agent, stabiliser, 
to binding agent. The immense popularity of gelatin as gelling agent in food formulation is 
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attributed to its unique ‘melt-in-mouth’ characteristic (Hattrem, Molnes, Haug & Draget, 
2015). 
Considerable studies have been done on the structural properties of individual BSA or 
gelatin systems. However, the structural characteristics of mixtures containing BSA and 
gelation are poorly understood, thus, limiting the potential use of such ingredients in 
processed foods. The critical factor in the structure development of many phase-separated 
biopolymer composites is the solvent (water) distribution, which is fairly difficult to examine 
directly, as acknowledged in the literature.  
To address the issue of solvent distribution, biphasic BSA/gelatin gels were assumed to 
undergo extensive segregative interactions leading to phase separation and this is followed by 
characterisation of the partition of aqueous constituent by their relative affinity for water in 
individual phase (Clark, Richardson, Ross-Murphy, & Stubbs, 1983). The mechanical 
properties of the mixtures were followed with the theories borrowed from synthetic polymer 
research as described by Takayanagi, Lewis and Nielsen (Shrinivas, Kasapis & Tongdang, 
2009): 
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8    (7.1) 
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where in equation (7.1), n equals to 1 for isostrain condition while for the isostress 
arrangement n = -1. In equations (7.2) – (7.4), Gʹ1 and Gʹ2 are the shear moduli of the 
continuous and filler phases, respectively. The shear modulus of the composite mixture is 
denoted by Gʹ and the filler phase volume is expressed as ϕ2. The above equations consider 
the filler’s shape through the Einstein coefficient (A), which for spheres the value of A is 1.5. 
Since A equals to 1/Ai, the value of Ai used in this work is 0.667 (Datta, 2013). Besides 
shape, the approach takes into account the filler’s maximum packing fraction (ϕm), which is 
around 0.64 for random packing of uniform spheres (Blétry & Blétry, 2015).  
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Another issue that could have a pronounced impact on the textural properties of 
BSA/gelatin gels is addition of salt. Literature in this field shows that distinct type of salt 
produces disparate structural properties of single protein gels (Kuhn, Cavallieri, & da Cunha, 
2010; Kharlamova, Nicolai & Chassenieux, 2018). However, molecular studies on the 
influence of counterions in composite gels are scant in the literature. In addition, no research 
has attempted to study the partition of added counterions between polymeric phases in binary 
hydrogels. 
Processing techniques also play an important role in affecting the structural properties 
of biopolymer gels. High pressure processing (HPP) has been increasingly used in food 
industry to improve the nutritional value of perishable foods due to its ability in inactivating 
microorganisms and enzymes while preserving the foods’ organoleptic properties. It is 
understood that HPP can influence the denaturation and gelation of proteins, e.g. disrupting 
the hydrophobic and disulphide interactions in globular protein, but its impact on the solvent 
and counterion partition in composite gels that determines their techno-functionality has not 
been explored. 
 
7.2 Conclusions 
 
To address the above gaps, this PhD study began by providing experimental evidence 
on the phase behaviour of thermally treated BSA/gelatin mixtures to underline the importance 
of network characteristics and geometrical organization of the two polymer phases in 
governing water partition within this binary system (Chapter 3). In doing so, BSA/gelatin 
mixtures were subjected to a series of thermal treatment, i.e. cooling, isothermal at low 
temperature, heating, isothermal at high temperature and a second cooling step. Such 
protocols encourage formation of different micro phase-separated materials: (i) continuous 
gelatin matrix supporting liquid BSA inclusions (after the 1st cooling run), (ii) continuous 
BSA structure with dispersed liquid gelatin (after the heating run), and (iii) isotropic two-
phase gel (after the 2nd cooling run).  
Results showed lack of specific physicochemical interaction between BSA and gelatin 
in the mixtures which facilitates the application of polymer blending laws for an in-depth 
quantitative analysis. Lewis and Nielsen model are successful in estimating the solvent 
partition of the mixtures containing continuous matrix and dispersed liquid inclusions. 
However, the model is unable to quantify the phase behaviour of the bicontinuous 
BSA/gelatin gels since there is no definitive method to ascertain which phase is the more 
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rigid one. This prompted us to adopt the isostrain Takayanagi blending law which argues that 
the continuous network is formed by the first polymer to gel (i.e. BSA), perforated by the 
gelatin particles. Both theories agree that the component that forms the continuous phase has 
a higher water affinity than the discontinuous filler. It is postulated that the continuous 
network hinders diffusion of water molecules to the discontinuous phase (Kasapis, 2009). 
The work then extended to consider the effect of counterion, in the form of calcium 
chloride (CaCl2), on the structural properties of BSA/gelatin composites (Chapter 4). As for 
work in the previous chapter, a series of cooling, heating and subsequent cooling routine were 
employed to produce phase separated BSA/gelatin blends. The first cooling run created 
continuous gelatin matrix with liquid dispersion of BSA. The phase topology was then 
inverted following heating run with BSA being the continuous phase and gelatin as the liquid 
filler. Subsequent cooling step generated two gel phases with the globular protein and gelatin 
being the continuous phase and filler phase, respectively. 
Inclusion of CaCl2 appears to enhance the network strength of individual biopolymers 
as well as their blends via electrostatic screening (BSA gel) or neutralisation of the 
electrostatic repulsion of negatively charged carboxyl groups in protein’s amino acids 
(gelatin gel) (Kuhn et al., 2010; Senapati, 2007). It was challenging to know exactly how 
much counterion each phase was able to attract. For the first time, the blending laws 
(Takayangi and Lewis-Nielsen equations), which is typically used to predict the composition 
and volumes of the phases in hydrogels in relation to solvent partition, were adapted for 
estimating the counterion partition in these mixtures.  
Results demonstrated that gelatin network chelated most calcium ions against liquid 
BSA in the cooled only BSA/gelatin blends. Interestingly, there is a dynamic equilibrium of 
counterion distribution between BSA and gelatin phases in the mixtures where BSA functions 
as the continuous phase and gelatin exists as liquid filler. It is argued that the gelatin in native 
conformation still able to retain counterions, unlike the liquid BSA phase in the cooled only 
blends. These results highlight the advantage of the polymer that form the continuous 
network in chelating added counterions. 
The study was further advanced by applying high pressure to BSA/gelatin systems to 
pinpoint alterations in the physicochemical properties and solvent partition between the two 
polymeric phases and contrast them with the thermally treated matrices (Chapter 5). In doing 
so, the single protein systems and the binary mixtures were pressurized at two different 
temperatures, i.e. 10 and 80°C. Although generally there is no apparent effect of HPP on a 
pre-formed gelatin gel, the process has been documented to disturb the equilibrium of the 
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coil-to-helix transition during gelatin’s gelation (Montero et al., 2002). This partial 
destabilization of hydrogen bonds and hydrophobic interactions in the pressurized gelatin 
matrices (at 10°C) led to materials with reduced network strength as compared to the 
unpressurised gels. Such reduction was also observed in the pressurized BSA matrices (at 
80°C) indicating only partial exposure of the hydrophobic groups of BSA molecule to the 
water following HPP. 
We then examined the phase topology of the HPP-induced blends with the low 
temperature pressurization yielding continuous gelatin network with liquid BSA inclusions. 
On the other hand, an inverted system with continuous BSA phase supporting liquid gelatin 
inclusion was noted following the high temperature pressurization. Although pressurization 
of the binary mixtures produces similar continuous and discontinuous phase assemblies to the 
thermally treated counterparts, softer materials were recorded for the former. It appears that 
the thermal treatment formed densely entangled networks, as opposed to open networks with 
decreased cohesiveness generated from the pressurization. This outcome highlights the 
limited ability of pressurization in completely destabilizing the three-dimensional structure of 
the composite gels.  
The phase behavior of the pressurized binary mixtures was then examined 
quantitatively, for the first time, via the Lewis-Nielsen blending laws with results showing 
that the solvent partition is always in favour of the polymer which formed the continuous 
phase. Such finding is in accordance with that reported for the unpressurized mixtures, which 
signifies the strong effect of the integrity of the polymeric networks on the solvent 
distribution in composite gels. Nevertheless, unpressurized composite gels were found to 
demonstrate greater water holding capacity than the pressurized counterparts. 
Following the aforementioned findings, a further foray into the phase behaviour of 
pressurized BSA/gelatin was made by introducing CaCl2 into the aqueous systems (Chapter 
6). Addition of the counterions enhanced the network strength of the pressurized systems, 
both the single preparations and the mixtures. Earlier work argued that divalent counterions, 
including calcium, reinforces hydrogen bonds between adjacent amino acids, hence, 
stabilising the protein’s network (Senapati, 2007). Similarly, presence of calcium ions 
enhanced the stabilisation of BSA structure (Kundu et al., 2014). 
Once again, the Lewis-Nielsen equations, hitherto employed only in relation to the 
water avidity of composite gels, were successfully adapted to consider every possible 
distribution of the counterion between the two polymeric phases of the pressurized materials. 
The approach allowed introduction of a new concept called counterion partition factor (pc) as 
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a measure of the relative attraction between polymer and counterion in a binary system. This 
work further asserts that the continuous phase would always hold dynamically 
disproportionate amounts of calcium ions on a weight-for-weight basis, an outcome which is 
congruent with the increasing water holding capacity of the continuous phase in binary gels 
documented earlier. 
 
7.3 Future research 
 
This research provides the groundwork for understanding the phase morphology of 
BSA and gelatin in relation to thermal and high pressure processing as well as counterions. 
To further advance research in this area, it is important to explore the effect of different types 
of salt on biopolymer mixtures. Various salts are used in food formulations to enhance 
flavour or preserve food (Albarracín, Sánchez, Grau, & Barat, 2011) and distinct salts may 
affect differently the gelation or water-holding capacity of proteins (Liu et al., 2009; Verheul 
& Roefs, 1998). The influence of different form of counterions ranging from monovalent 
(e.g. sodium or potassium ions), divalent (e.g. magnesium ions) to trivalent (e.g. aluminium 
ions) on the phase behaviour of biopolymer mixtures should be investigated since they may 
pose changes on their structural properties. 
Besides counterions, surfactants are another important factor that may influence the 
phase morphology of biopolymer composites. These components are commonly used in food 
formulations as emulsifier or solubility enhancers, and they could affect the physicochemical 
properties of food proteins. For example, surfactants, depending on their type, surfactant-to-
protein concentration, and ionic strength, may denature and precipitate protein (Malhotra & 
Coupland, 2004) or influence protein’s stabilisation (Tran Le et al., 2007). Thus, 
documentation on the effects of surfactants on the stability and gel-forming properties of 
protein mixtures, including the distribution of surfactants between phases, will be useful in 
providing general guidelines of behaviour in this type of hydrogels. In addition, it would be 
extremely interesting if a new concept determining the relative attraction between polymer 
and surfactant in a binary system could be developed. 
Finally, moving a step closer to product concepts with industrial relevance, structural 
properties of a variety of food formulations containing biopolymer mixtures are influenced by 
processing methods, e.g. HPP. Food industry is increasingly aware of the benefit of HPP in 
developing value added food materials due to its capability in minimising the changes in the 
organoleptic attributes. It should be noted that the effect of pressurisation on the materials’ 
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functional properties depends on a number of parameters, namely pressurisation time and 
temperature, and the levels of pressure (Michel et al., 2001). These factors have not been 
investigated in depth in biopolymer composites containing counterions or surfactants. Future 
work should then examine to what extent the blending laws can be adapted to monitor the 
partition of counterion or surfactant as a function of the above processing parameters. 
Successful application of the approach would provide further insights into the structure-
function relationship of pressurised materials in diverse environmental conditions. 
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